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Abstract 
Blur adaptation is the improvement of visual and perceptual performance with time following viewing 
of a target blurred by some combination of defocus, astigmatism and higher-order aberrations.  Blurred 
images can be produced by two different methods – source and observer. In the source method, image 
convolution between the point spread function of intended aberration and object produces blurred 
images on a display screen. In the observer method, the blurred images are produced optically such as 
by deformable mirrors. Previous studies on higher-order aberration blur adaptation were restricted to 
the source method. This study compared blur adaptation between source and observer methods for 
combinations of defocus and higher-order aberrations. It is important to compare blur adaptation with 
source and observer methods as the first one blurred the stimulus not the surroundings while the second 
one blurred both the stimulus and surroundings. On the basis that the observer method has phase 
information lacking in the source method, the main hypothesis of the study was that blur adaption would 
be greater with the observer method than with the source method. 
A custom built adaptive optics system had three channels – an illumination channel, an adaptive optics 
control channel with deformable mirror and Hartmann-Shack wavefront sensor, and a psychophysical 
channel with a display. Blurred images of a natural scene (adapting images) and tumbling Es (testing 
images) were generated for +2 D, −2 D and 0 D defocus with and without higher order aberrations of 
the eye. Five participants performed a four alternative forced choice procedure with the method of 
constant stimuli to obtain visual acuity. They adapted to the natural scene for 1 minute, followed by 
testing images for 1 second, and refreshing of the adapting image for 3 seconds.  
In the source method, mean ± SEM of visual acuities were 0.42 ± 0.08 logMAR without blur adaptation 
and 0.39 ± 0.09 logMAR with blur adaptation, giving a small, but statistically significant improvement 
of 0.03 ± 0.01 logMAR (p = 0.03) with blur adaptation. In the observer method, mean ± SEM of visual 
acuities were 0.16 ± 0.12 logMAR without blur adaptation and 0.15 ± 0.13 logMAR with blur 
adaptation, giving a non-significant difference of 0.01 ± 0.03 logMAR (p = 0.77). The mean ± SEM of 
difference in visual acuity improvement after blur adaptation between source and observer method was 
not significant at 0.02 ± 0.02 logMAR (p = 0.37). Visual acuities were always better with the observer 
method than with the source method. 
Blur adaptation found with both source and observer methods and the comparison of blur adaptation 
between source and observer methods was not significant. A longer adapting period might be necessary 
to achieve significant visual acuity improvement following blur adaptation. Replacement of the method 
of constant stimuli with an adaptive psychophysical procedure such as QUEST (Quick Estimate by 
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Sequential Testing) or PEST (Parametric Estimate by Sequential Testing) will shorten measurement 
time.   
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Chapter 1  
Introduction 
The human visual system has the capability of adjusting to changes in the colour, contrast, luminance 
or blur in the visual context or to changes within the observer, such as ocular diseases, treatments, 
ageing or a new spectacle prescription (Georgeson and Sullivan 1975). This adjustment is known as 
visual adaptation. Blur adaptation is one type of visual adaptation, in which the visual and perceptual 
performance improves with time following viewing of a target blurred by some combination of defocus, 
astigmatism and higher-order aberrations. Blur adaptation affects visual acuity (VA) (George and 
Rosenfield 2004), contrast sensitivity (Rajeev and Metha 2010) and image perception (Webster et al. 
2002). Blur adaptation has been suggested to occur for blur due to surgically induced higher order 
aberrations (HOAs) (Marcos, Barbero, Llorente and Merayo-Lloves 2001), in patients after refractive 
surgery (Pesudovs 2005) and for astigmatic effects in patients using progressive addition lenses 
(Meister and Fisher 2008).  
It is possible to generate blur images either by lenses or reshaping the deformable mirror of an adaptive 
optics (AO) system and by direct simulation on a screen. The first method of producing blur images is 
known as observer method and the second method is known as the source method. Defocus blur 
adaptation was noticed in emmetropes and myopes (Mon-Williams, Tresilian, Strang, Kochhar and 
Wann 1998, George and Rosenfield 2004) and observer method was used to generate defocus blur 
Source method was used to demonstrate blur adaptation for blurred photographic images (Webster et 
al. 2002) and to manipulate wavefront aberrations (astigmatism and HOAs) using an AO system (Artal, 
Chen, Fernández, Singer, Manzanera and Williams 2004a, Chen, Artal, Gutierrez and Williams 2007, 
Sawides, Marcos, Ravikumar, Thibos, Bradley and Webster 2010, Sawides, de Gracia, Dorronsoro, 
Webster and Marcos 2011a). There is limited literature on comparison of blur adaptation with source 
and observer methods. The comparison is important for two reasons. Firstly, source method blurred the 
stimulus itself not the surroundings (for instance background and edges of the stimulus display screen) 
while observer method blurred both the stimulus and the surroundings. Secondly, source method 
provides only intensity information to the retinal images, while the observer method provides both 
phase and intensity information. Two recent studies by Ohlendorf, Tabernero and Schaeffel (2011a), 
Ohlendorf, Tabernero and Schaeffel (2011b) reported difference in visual acuity with astigmatism blur 
between the two methods of blur generation. This study will compare blur adaptation using 
combinations of defocus and HOAs by the two methods. 
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Chapter 2  
Literature review 
2.1 The human visual system 
The human visual system is a part of the 
central nervous system, in which light is 
refracted by the tear film, cornea, aqueous 
humour and crystalline lens to focus on the 
neurosensory retina (Figure 1). After 
transduction through the retinal layers, 
signals are sent by the optic nerve to the 
brain. Figure 1 shows the horizontal cross 
section of the human eye. 
 
 
 
2.1.1 Visual processing in the brain   
Much of the light reaching in the retina is absorbed by photoreceptor cells and converted into 
electrochemical signals. The photoreceptor cells are classified into two groups - rods and cones. There 
are 120 million rod cells located mainly in the peripheral retina that are responsible for vision under 
low lighting conditions (scotopic vision). There are 8 million cone cells with 1% of them concentrated 
in the central area of the retina called the fovea (Palmer 1999). Cone cells are responsible for vision 
under moderate to high lighting conditions (photopic vision) and are important in high acuity tasks like 
reading. Colour perception is initiated by the subdivision of cone cells into short wavelength sensitive 
cone cells, middle wavelength sensitive cone cells and long wavelength sensitive cone cells. The 
electrochemical signals from the photoreceptor cells activate bipolar cells, which transfer the signals to 
the ganglion cell layer. The neurons of the ganglion cell layer detect the change of contrast within an 
image. They transfer information through the optic nerve to the visual cortex in the occipital lobe of the 
brain. Figure 2 shows the pathway of light signal transfer from retina to the occipital lobe of the brain. 
Figure 1 Horizontal cross section of the human eye. 
Image obtained from Vera-Díaz and Doble (2012). 
Light 
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Figure 3 shows the schematic diagram of visual pathway. At the optic chiasma, the axons from the nasal 
side of the retina cross to the opposite side of the brain (Palmer 1999). For this reason, the information 
in the right half of the visual field goes to the 
left side of the brain and the information in the 
left half of the visual field goes to the right side 
of the brain (Palmer 1999). There are two main 
pathways by which information reaches the 
brain from the optic chiasma. The first one goes 
to the superior colliculus which receives 10% of 
the information (Goldstein 2010). The superior 
colliculus is responsible for controlling eye 
movements (Klier, Wang and Crawford 2001). 
The second pathway goes to the lateral 
geniculate nucleus of the thalamus, which 
receives 90% of the information (Goldstein 
2010). The lateral geniculate nucleus distributes 
the retinal inputs into two separate streams, one 
for colour and fine structural details and the 
other for contrast and motion. The cells of the top four parvocellular layers of the six process red and 
green colour perception and fine structure. The bottom two magnocellular layers process contrast and 
motion information. The cells from both parvocellular and magnocellular layers are projected to the 
Figure 3:  Schematic diagram of visual pathway (Gray 
1918) . 
Figure 2: Pathway of light signal transfer from retina to the occipital lobe of the brain.  Image 
obtained from Myers (2010). 
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brain at the primary visual cortex (V1). Another set of cells known as koniocellular cells are contained 
in layers between the other layers. Koniocellular cells process blue/yellow colour perception. 
The arrangement of the cells in the primary visual cortex helps the visual system locate the objects in 
space. The primary visual cortex is organised into orientation columns, which allow detection of the 
object edges and begin the complex task of visual recognition (Palmer 1999). The secondary visual 
cortex (V2) receives information from the primary visual cortex and transfers it to other parts of the 
visual cortex. The secondary visual cortex is selective to some visual characteristics such as orientation, 
colour perception, spatial frequency, and size and shape detection (Anzai, Peng and Van Essen 2007). 
2.1.2 Spatial Vision 
The human visual system is continuously analysing the spatial details of a scene and extracting vital 
information of the surrounding environment. Its ability to resolve objects and their patterns and 
discriminate them from a background is known as spatial vision. Spatial vision can be assessed by 
measuring visual acuity and spatial contrast sensitivity. Visual acuity is the ability to perceive fine 
details but it does not indicate the ability to identify objects with various contrast and spatial frequencies. 
Therefore, contrast sensitivity is another important parameter to describe spatial vision. Michelson 
contrast is defined as the difference in luminance of two patches divided by the summation of 
luminances (Bruce, Green and Georgeson 2003), which for a sine wave is 
Contrast = (Lmax – Lmin)/ (Lmax + Lmin) 
where Lmax and Lmin are the maximum (light patches) and minimum (dark patches) luminances. The 
lowest amount of the contrast an observer needs to see a sine wave grating is called the contrast 
threshold. Contrast sensitivity is the inverse of the contrast threshold. A sine wave grating consists of 
four parameters - spatial frequency, contrast, orientation, and phase. Spatial frequency refers to the 
number of pairs of light and dark bars imaged in a degree of visual angle. Its unit is cycles per degree. 
A high spatial frequency, for instance 25 cycles per degree, contains narrow bars and a low spatial 
frequency, for instance 5 cycles per degree, contains wide bars. The orientation of a grating refers to 
the angle of the light and dark bars. The phase of a sine wave grating is a displacement of the sine wave 
from some origin. The units usually used for phase are degrees and cycles, where 360° = 1 cycle.  
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2.1.3 Receptive fields, Spatial tuning, Orientation tuning 
 
The receptive field of a sensory neuron is the visual field region to which it responds (Levine and 
Shefner 1991). The receptive field of the ganglion cells 
and visual cortex cells are discussed in this section. The 
receptive field has two regions – centre region and 
surrounding region. The ganglion cell response depends 
on whether the light falls on the centre or surrounding 
region of the receptive field. Ganglion cells that have 
increased response when light fall on the centre region and 
decreased response when light falls on the surrounding 
region are known as on-centre (Figure 4A). Ganglion cells 
that have increased response when light falls on the 
surrounding region and decreased response when light falls on the centre region are known as off-centre 
cells (Figure 4B). The antagonistic property of centre and surrounding regions is called lateral inhibition 
(Kuffler 1953).  
 
A ganglion cell’s receptive field size has 
a large impact on spatial frequency 
tuning (Enroth-Cugell and Robson 
1966). Figure 5 shows a diagram of the 
relation between receptive field size and 
spatial frequency information. The cells 
having large receptive fields are 
associated with low spatial frequency 
information (A), medium size receptive 
fields are associated with medium 
spatial frequency information (B), and 
the cells with small receptive fields are 
associated with high spatial frequency 
information (C) (Glezer, Gauzel'man 
and Shcherbach 1985).  
 
 
 
Figure 4: Receptive fields of on centre (A) 
and off centre (B) retinal ganglion cells. 
Image adapted from Roberts (2002). 
A B 
Figure 5: Relation between receptive field size and spatial 
frequency information. Purple colour indicates coarse 
information and green colour indicates finer information in 
the boxes. Green colour indicates excitatory region and red 
colour indicates inhibitory region. Image adapted from Wilson 
(1991). 
A 
Low spatial frequency 
information 
Medium spatial 
frequency information 
High spatial frequency 
information 
B C 
Excitatory region 
Inhibitory 
region 
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The receptive fields of visual cortex cells are more complicated than those of ganglion cells. Most of 
the receptive fields of the former have elongated shape and the cells are classified based on their 
receptive field structure. The visual cortex cells that have receptive fields with distinct excitatory and 
inhibitory regions are known as simple cells (Hubel and Wiesel 1962). Simple cells are selective to 
different attributes of the visual scene such as line orientation, direction of movement, luminance 
contrast, stimulus velocity, colour, retinal disparity and spatial frequency (Hubel and Wiesel 1968). The 
visual cortex cells that have receptive fields without clearly divided excitatory and inhibitory regions 
are known as complex cells (Hubel and Wiesel 1962). According to Hubel and Wiesel, complex cells 
are intermixed with a group of simple cells and the complex cells respond with the activation of a group 
of simple cells. Complex cells are selective to some of the characteristics of a visual scene - orientation, 
colour, and direction of movement, which are also common to simple cells (Hubel, Wensveen and Wick 
1995). 
Figure 6 shows an example of orientation tuning for an 
elongated receptive field of a cortical cell with 
antagonistic centre-surround organisation. The cell 
provides maximum response after stimulating with a 
grating with appropriate spatial frequency and 
orientation, which caused significant excitation and little 
inhibition of that cell. If the orientation of that grating 
differs by 45º (B), the response reduces due to mixed 
excitation and inhibition.  
2.1.4 Contrast sensitivity function 
The contrast sensitivity function (CSF) is an 
observer’s contrast sensitivity for a range of 
spatial frequencies. CSF is measured by 
performing an experiment, in which the observer 
determines the minimum contrast required to 
detect the sine wave gratings of various spatial 
frequencies. Figure 7 shows results of Blakemore 
and Campbell (1969a). The peak is at 4-5 
cycles/degree. The limitation of the eye’s optics 
explains at least part of the decline of the CSF at 
higher spatial frequencies.  Figure 7:  Contrast sensitivity function. Image 
obtained from Blakemore and Campbell (1969a). 
Figure 6: Example of orientation tuning. 
Image adapted from (Ferwerda 1998). 
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2.1.5 Spatial frequency tuning and spatial frequency channels of human 
visual system 
Blakemore and Campbell (1969a) measured contrast sensitivity function before and after adaptation to 
a 7.1 cycles per degree grating (Figure 8A). After adaptation, there was a depression of about 0.5 log 
units in the contrast sensitivity function in a spatial frequency band around the adapting frequency. 
Blakemore and Campbell suggested that the exposure to the grating depressed the sensitivity of a 
channel attuned to a limited range of spatial frequencies. 
               
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Blakemore and Campbell (1969a) repeated the experiment at other spatial frequencies. Figure 8B shows 
the relative threshold elevation caused by adaptation to different spatial frequencies. The curves are all 
similar in shape: the peak threshold elevation occurs at the adapting frequency. The contrast sensitivity 
function is the “envelope” which covers the peaks of different spatial frequencies. Blakemore and 
Campbell (1969a) proposed the concept of multiple spatial frequency channels in which the visual 
system contains sets of neurons which work as filters, tuned for specific spatial frequencies. The visual 
system converts the information of a scene into its spatial frequency components and re-assembles these 
spatial components to create the visual perception.  
 
Spatial frequency (cycles / degree) 
Figure 8A: Contrast sensitivity function before 
and after adaptation of grating with one 
particular spatial frequency. Image obtained 
from Blakemore and Campbell (1969a). 
Figure 8B: Relative threshold elevation caused 
by adaptation to different spatial frequencies. 
Image obtained from Blakemore and Campbell 
(1969a). 
Spatial frequency (cycles / degree) 
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2.1.6 Mechanism of blur adaptation  
 
According to Field and Brady (1997) for in-focus natural scenes amplitudes the amplitude of 
information is inversely proportional to spatial frequency. Reduction of the amplitude of higher spatial 
frequencies results in a perceptually blurred image. Blurring of an image has two aspects, which are 
changes in the edge profile and contrast loss at different spatial frequencies. It is not yet clear to which 
of the aspects the human eye adapts to perceive the image as less blurred or more legible.  
Georgeson and Sullivan (1975) proposed the idea of contrast constancy where the visual system has the 
property of maintaining a constant level between the perceived and physical contrast of the object. This 
alters the response of spatial frequency channels. Increased response of a particular spatial frequency 
channel or a group of spatial frequency channels inhibits the response of others. This continuous 
alteration process of spatial frequency channels maintains balance between the visual system and 
changes in the environment. Based on the contrast constancy idea, Graham (1989) suggested that blur 
adaptation can be a result of a normalisation mechanism, where the spatial frequency channels 
normalised themselves to the blurred stimulus. The spatial frequency channels are sensitive to the visual 
norms. For example, “vertical” and “stationarity” are considered as the norms for orientation and 
movement scale, respectively. For instance, after prolonged adaptation to a stimulus which is different 
from the visual norm (for example a tilted line) the stimulus appears more like the visual norm (a vertical 
line in the example). The spatial frequency channels can shift their sensitivity towards the visual norm. 
Similar logic might be applicable for blur adaptation.  
Webster et al. (2002) tested the normalisation mechanism in human observers. They used grayscale 
natural images with 1/f amplitude spectra (f is spatial frequency) and created a series of blurred and 
sharpened images by varying the amplitude spectrum. 
After adapting to a blurred or sharpened image for 3 
minutes, testing images were shown to observers for 0.5 
seconds with a top up adaptation of 6 seconds.  The 
observers respond whether the testing images appear more 
blurred or sharper than the adapting image. A two alternate 
forced choice (2AFC) procedure was used to find the 
neutral point for the appearance of testing images, which 
corresponds to the equal number of more blurred or 
sharper responses by observers. Webster et al. found that 
after adapting to a blurred image, all blurred testing images 
appear sharper and after adapting to a sharpened image, all 
sharpened testing images appear less sharp). Figure 9 shows example of image perception after adapting 
Figure 9: Example of image perception 
after adapting to a blurred image (A) 
and to a sharp image (B). Image 
obtained from Webster et al. (2002). 
A B 
Blur adapt Sharp adapt 
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to a blurred image (A) and to a sharp image (B). The top row has blurred and sharpened adapting images 
and the bottom row has their predicted appearance after adaptation. This result supports the 
normalisation mechanism, in which spatial frequency channels normalised their sensitivity to the 
adapting blurred or sharpened stimulus.  
A second possible mechanism of blur adaptation is repulsion mechanism (Graham 1989). Repulsion 
mechanism can be explained by Blakemore and Sutton (1969b)’s experiment, where observers 
performed a frequency matching task before and after adaptation to a high contrast grating (Figure 10). 
  
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
Observers viewed a high contrast grating and a blank field above and below a small fixation bar in a 
screen, respectively, for 3 minutes. Following this, observers performed a frequency matching task with 
two high contrast gratings on the screen. Observers had to match the frequency of the grating in the 
bottom part with the frequency of the gratings in the top part, while fixating between them. The contrast 
level of adapting grating and testing gratings was the same. They found that, if the top testing grating 
had higher/lower spatial frequency than the adapting grating, the top testing grating appeared as with 
Adapting grating Top testing gratings 
Blank field Bottom testing gratings 
Small fixation bar 
Figure 10: Example of repulsion effect in a spatial frequency match task after adaptation. Adapting 
grating in top and blank field in the bottom at left side. If the top testing grating has higher (middle) or 
lower (right side) spatial frequency than the adapting grating, it appears to have an even higher or 
lower spatial frequency, respectively, and the bottom testing grating spatial frequency has to increase 
(middle) or decrease (right side), respectively to match the top grating in appearance. 
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higher/lower spatial frequency than its actual spatial frequency. The spatial frequency of the bottom 
testing grating had to increase/decrease to get a match with the top grating. The results showed that the 
perception of the top test grating shifted away from the spatial frequency level of the adapting grating. 
This is known as the repulsion effect. 
Elliott, Georgeson and Webster (2011) investigated whether blur adaption is a result of normalisation 
mechanism or repulsion mechanism. A blur matching task was performed either with a series of spatial 
noise images or with a series checkerboard images as adapting and testing targets. The blurriness or 
sharpness of each image was varied by multiplying the original amplitude spectrum with fα, where f is 
the spatial frequency and α is the factor which controls the magnitude of blur or sharp level. There were 
three adapting conditions: 1) adaptation to original images (α = 0), 2) adaptation to blurred images (α = 
−0.5) and 3) adaptation to sharpened images (α = +0.5) and seven testing conditions with α level from 
−0.75 to +0.75 in 0.25 steps. Observers adapted to any of the given adaptation conditions displayed on 
the left side of a fixation cross with a gray field at the right side in the display monitor for 2 minutes. 
Following this, the testing images were shown at the left side and the right side of the fixation cross for 
0.5 seconds. There was a six second top up adaptation between each testing image presentation. The 
right side testing image was varied and observers had to match the testing images. The results showed 
that after adapting to a blurred image, the blurred testing images appeared to become sharper and after 
adapting to a sharpened image, the sharpened images appeared to become blurred. Elliot et al. (2011) 
suggested this as normalisation effect not a repulsion effect. They explained that if it is a repulsion 
effect then after adapting to a blurred image, blurred testing images should become more blurred and 
after adapting a sharpened image, the sharpened testing images should become even sharper. But this 
did not happen. Thus, blur adaptation is supported by normalisation mechanism not by repulsion. 
In summary blur adaptation is a result of a normalisation mechanism. However, the application of this 
mechanism is yet to be tested with letter targets and with inducing optical blur. 
 
2.2 Optical quality of the human eye 
The human eye is not a perfect optical system. Diffraction, scattering and ocular aberrations are 
responsible for blurring the retinal image. Small pupil sizes cause diffraction. Scattering occurs mainly 
at the crystalline lens and increases with age (Thurston, Hayden, Burrows, Clark, Taret, Kandel, 
Courogen, Peetermans, Bowen and Miller 1997). Ocular aberrations have varying range in the 
population (Thibos, Hong, Bradley and Cheng 2002, Hartwig and Atchison 2012). The lower order 
aberrations (defocus and astigmatism) can be corrected by spectacles and contact lenses but higher order 
aberrations are still present and affect image contrast. These can be measured with aberrometers. The 
11 
 
Literature review   
 
 
following sections describe the representation and measurement of wavefront aberration, point spread 
function and image convolution. Wavefront aberrations were measured and corrected in the present 
study. The point spread function and image convolution were used to create stimuli for the experiment. 
2.2.1 Wavefront aberration 
Wavefront aberrations are the optical imperfections of the eye that prevent light from focusing perfectly 
on the retina, resulting in defects in the image. Imperfections in the components and materials of the 
eye cause light rays to deviate from ideal paths. There is an important concept which needs to be 
described before defining wavefront aberrations. Optical path length is the product of geometric length 
of the light path from one point to another point and the refractive index of the medium through which 
it propagates. If light travels from one point to another point in an optical system, the optical path length 
will be 
                                           OPL= n1l1 + n2l2 +…… 
where n1, n2… are the refractive indices of the media and l1, l2… are the distances travelled by light in 
the media. 
A wavefront contains light rays with same optical path lengths. An ideal wavefront is spherical at the 
exit pupil of an optical system. Wavefront aberration consists of the difference, at the exit pupil, between 
the actual wavefront and the reference spherical wavefront, as measured along the rays. Wavefront 
aberrations are classified into two types: monochromatic and chromatic aberration. This study will 
consider monochromatic aberrations which occur at a specific wavelength of light.   
Representation of wavefront aberration 
Wavefront aberrations are used to express the optical defects of optical systems. Different polynomials 
have been suggested as mathematical functions to express wavefront aberrations. Zernike polynomials 
are one of the most widely adopted systems. Zernike polynomials constitute a complete set of 
polynomials in terms of polar coordinates over a circular pupil (Lakshminarayanan and Fleck 2011). 
Zernike polynomials are expressed as mnZ where n is the radial order index (radial power of the 
polynomial) and m is the meridional frequency index (Lakshminarayanan and Fleck 2011). The Zernike 
polynomial system has several advantages over other polynomials: 1) the Zernike polynomials are 
easily related to refractive errors measured clinically, 2) the Zernike polynomials are a complete set of 
polynomials that are orthogonal over the unit circle (Thibos, Applegate, Schwiegerling and Webb 
2002), and 3) the sum of squares of the coefficients represents the variance of wavefront aberrations. 
Figure 11 shows the pyramid representation of Zernike polynomials up to the fifth order.  In determining 
the importance of different polynomials, the 0th and 1st order terms (piston and tilts) are generally 
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ignored as they do not affect retinal image quality (Hofer, Chen, Yoon, Singer, Yamauchi and Williams 
2001). The Zernike polynomials of second order are called lower order aberrations (LOAs) and 
represent the refractive error of the eye. Polynomials of third order and greater are the higher order 
aberrations (HOAs). The weights of polynomials are called the Zernike coefficients and represent the 
magnitude of each particular aberration. The HOA coefficients with the highest magnitudes in the eye 
are 13
C  (vertical coma),  13C
 (horizontal coma) and 04C (spherical aberration) (Thibos et al. 2002). 
         
 
 
 
 
 
 
 
 
 
 
 
Measurement of wavefront aberration 
There are different types of aberrometer to measure the wavefront aberrations. The Hartmann-Shack 
wavefront sensor has become the most popular instrument to measure and analyse the aberration 
structure of the human eye for both research and clinical purposes (Thibos and Hong 1999, Cheng, 
Himebaugh, Kollbaum, Thibos and Bradley 2003, Lawless and Hodge 2005). It was originally used in 
astronomy to measure aberrations caused by turbulence in the earth’s atmosphere (Platt and Shack 
1971) before being used to evaluate wavefront aberrations in the eye (Liang, Grimm, Goelz and Bille 
1994). 
Figure 11: Representation of Zernike polynomials by Zernike pyramid up to the fifth order. This 
pyramid is a function of term's radial order index n and meridional frequency m. (Image obtained 
from http://www.telescopeoptics.net/monochromatic_eye_aberrations.htm). 
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A Hartmann-Shack aberrometer consists of a narrow beam of monochromatic light, a lenslet array and 
a charged couple device (CCD) camera. The source projects a light spot on to the retina. The light 
reflected back from the retina passes through the lenslet array, where it is broken into multiple light 
beams and focused on the CCD sensor (Figure 12). Figure 13 shows a perfect wavefront with the light 
forming images on the optical axis of corresponding lenslets. Figure 14 shows an aberrated wavefront 
where the images are displaced from their ideal location. The aberrations’ components are the horizontal 
and vertical displacements of each point image (Liang et al. 1994, Thibos 2000) 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 12 Principle of Hartmann-Shack wavefront sensors. Image obtained 
from http://www.opt.indiana.edu/VSG/Labs/VisualOptics/sh.aspx 
 
Figure 13: Representation of a perfect wavefront. Image obtained from Thibos (2000). 
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Chromatic aberrations 
Chromatic aberrations occur because of variation of refractive index with change in wavelengths of 
light. Chromatic aberrations are classified into longitudinal chromatic aberration (variation of eye’s 
focusing power for different wavelengths) and transverse chromatic aberration (variation of the image 
location for different wavelengths) (Thibos, Bradley, Still, Zhang and Howarth 1990) . 
2.2.2 Point spread function 
The point spread function (PSF) is the image of a point source formed by an optical system. PSF is used 
as a retinal image quality metric to quantify image degradation. Optical aberration makes the PSF 
broader than an aberration free optical system for the same pupil size. Figure 15 represents Zernike 
polynomials with corresponding PSFs. Figure 16 shows the PSFs with different pupil sizes in a perfect 
eye and in a typically aberrated human eye. For the present study, the PSFs were calculated with a 6-
mm pupil. 
 
  
 
 
 
 
 
 
Figure 14: Representation of an aberrated wavefront. Image obtained 
from Thibos (2000). 
Figure 15: Representation of Zernike polynomials with corresponding point spread functions. Image 
obtained from http://ecee.colorado.edu/. 
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2.2.3 Image convolution 
Image convolution has been widely used to simulate images in numerous experiments in visual optics. 
The image simulation occurs when the object is convolved with the PSF calculated from the aberration 
of the eye. The convolution operation has been performed by using Fourier optics theory (Goodman 
1996). Figure 17 shows an example of a blurred image from convolution. 
 
 
 
 
 
 
Mathematically, image convolution works as a matrix operation, where the two arrays of pixel values 
of different sizes with same dimensionality of input image and kernel (a small matrix used in image 
convolution) multiply to generate a third array of the pixels of same dimensionality. Figure 18 shows 
the arrays of the pixel values of the input image (left side) and the kernel (right side). The convolution 
is performed by placing the kernel over the input image, usually starting from the left corner to the 
entire image.  
Figure 17: Example of a blurred image I (x, y) from convolution. PSF (x, y) is the point spread 
function of the eye aberration and O (x, y) is the object pattern.  Image obtained from 
http://roorda.vision.berkeley.edu/. 
 
Figure 16: Point spread function for different pupil sizes in a perfect eye and typically aberrated 
human eye. Image obtained from http://roorda.vision.berkeley.edu/. 
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The placement of kernel should exist within the boundaries of the input image. The single pixel value 
of the output image is equals to each kernel position. The pixel value is calculated by multiplying the 
kernel value with the underlying image value for each cells of the kernel, followed by adding these 
numbers all together.  
Figure 19 gives an example of calculating the output pixel value of number 33 pixel of the input image 
(left side). Other output pixel values are also calculated similarly to generate the final convolved image. 
 
 
 
 
 
 
 
 
2.3 Adaptive Optics 
Adaptive optics correction originates from astronomy to solving the problem of imaging stars through 
the turbulent atmosphere (Hardy, Lefebvre and Koliopoulos 1977). Ground-based telescopes with 
adaptive optics system are able to capture images with high resolution similar to those captured by space 
telescopes. The application of adaptive optics in the eye started during the 1990’s. Liang et al. (1994) 
used adaptive optics to correct the astigmatism and later Liang et al (1997) used a closed loop system, 
Figure 18:  Example of an input image matrix and a kernel matrix for image convolution. 
Image adapted from http://homepages.inf.ed.ac.uk/rbf/HIPR2/convolve.htm. 
 
Figure 19: Example of calculation of a pixel value of the output image in image convolution. Image 
adapted from http://www.fch.vutbr.cz/lectures/imagesci/includes/harfa_screenshots_overview.inc.php. 
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which can correct higher order aberrations of the eye. Williams et al. (2000) reported improvement of 
contrast sensitivity following correction of higher order aberrations with adaptive optics technology. 
Adaptive optics systems have been used to correct wavefront aberrations and generate new patterns of 
wavefront aberration in blur adaptation studies (Artal et al. 2004a, Chen et al. 2007, de Gracia, 
Dorronsoro, Gambra, Marin, Hernández and Marcos 2010, Sawides et al. 2010, de Gracia, Dorronsoro, 
Marin, Hernandez and Marcos 2011, Sawides et al. 2011a, Sawides, de Gracia, Dorronsoro, Webster 
and Marcos 2011b, Sawides, Dorronsoro, de Gracia, Vinas, Webster and Marcos 2012, Sawides, 
Dorronsoro, Haun, Peli and Marcos 2013). 
2.3.1 Principles of an adaptive optics system 
An adaptive optics system consists of three main components: the sensor (wavefront sensor), the 
corrector (deformable mirror) and the controller computer. Figure 20 represents the principle of  
adaptive optics system, in which a laser is used to form a small point source of light on the retina. The 
light is reflected and passes back through the eye’s pupil (P). The aberration is measured by a wavefront 
sensor. The controller computer provides a link between the wavefront sensor and corrector and 
determines the required signals to be sent on the actuators of deformable mirrors to correct or 
manipulate the incoming wavefront.  
Wavefront sensor 
The wavefront sensor in an adaptive optics system measures the optical aberrations of the human eye. 
Typically, a Hartmann-Shack wavefront sensor is used (section 2.2.1). 
Figure 20: Principle of the adaptive optics system. Image obtained from Hampson (2008). 
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Wavefront correctors 
The deformable mirror with multiple actuators is used as a wavefront corrector. These actuators control 
the shape of a deformable mirror, based on the voltage applied to each actuator through computer. There 
are two main classification of deformable mirror: segmented mirrors and continuous surface mirrors.  
Segmented deformable mirrors have individual mirrors 
attached separately to each actuator, whose movement is 
controlled independently of that of other actuators. Figure 
21 shows types of segmented deformable mirrors - piston-
only (A) and piston and tip and tilt (B).  
 
                                                                      
Continuous surface deformable mirrors are coupled with 
actuators. The effect of any particular actuator movement 
is not limited to the area immediately above it. Figure 22 
shows types of continuous surface deformable mirrors - 
(A) mirror contains actuator, which moves up and down 
when voltage is applied and this movement changes the 
mirror shape, (B) bimorph deformable mirror made of two 
materials, (C) membrane mirror consisting of a thin 
metallic membrane suspended over an array of actuators, 
and (D) magnetic mirror which produce a magnetic 
actuator field when voltage is applied (Hampson 2008).  
   
 
Control computer  
 In an adaptive optics system, the important connection between wavefront sensor and wavefront 
corrector is controlled by the computer algorithm. The computer algorithm helps to convert the 
measured wavefront aberration by wavefront sensor into actuator commands. The surface deformation 
produced by the actuator after receiving the voltage on the deformable mirror is known as the actuator’s 
influence function (Hampson 2008). Each actuator’s influence function of the entire deformable mirror 
A 
B 
Figure 21: Types of segmented deformable 
mirrors (Hampson 2008). 
B 
C
D 
Figure 22: Types of continuous surface 
deformable mirrors (Hampson 2008). 
A 
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surface forms an influence matrix. The computerised command of the control matrix is calculated from 
this influence matrix. This helps to generate the voltage required to incorporate into each actuator to 
correct or generate a new pattern of aberrations (Hampson 2008).  
Control system of adaptive optics  
There are two different methods of controlling the correction of wavefront aberrations in an adaptive 
optics system: open loop control system and closed loop control system. An open loop control system 
has the wavefront sensor placed before the wavefront corrector and the information from the wavefront 
sensor directly determines the control signals for the actuators of the wavefront corrector (Porter, 
Queener, Lin, Thorn and Awwal 2006, Hampson 2008). The open loop control system is a feedforward 
control based system. The residual aberrations cannot be corrected in an open loop system and thus the 
system requires accurate calibration. A closed loop control system has the wavefront corrector placed 
before the wavefront sensor. The wavefront sensor measures the aberration after it is corrected by the 
wavefront corrector (Porter et al. 2006, Hampson 2008). The advantage of a closed loop system is that 
it has feedback information and thus aberrations are continuously corrected.  
 
2.4 Generation of blur 
 
The generation of blur has been performed in several ways. These are classified into two groups - source 
methods and observer methods. (Chan, Smith and Jacobs 1985, Jacobs, Smith and Chan 1989, Smith, 
Jacobs and Chan 1989). An electromagnetic wave of light carries both intensity and phase information. 
In source methods, the blur stimuli are projected on a screen. The retinal images formed in this method 
have only intensity information. The image convolution method is used to create stimuli is an example 
of source methods. In observer methods, the blur stimuli are produced by optical lenses or reshaping 
the deformable mirror of adaptive optics set ups. The retinal images formed in this method have both 
phase and intensity information. A variety of blur simulations of astigmatism and HOAs can be 
produced in addition to defocus by both source and observer methods. The main advantage of source 
methods is that they do not require the control of accommodation as the blurred image is projected on 
the screen. A disadvantage of the source method is that it blurs only the stimulus (for instance an 
optotype or a human face) and not the surroundings. There is a difference in luminance distribution 
between stimulus and the background. The advantage of the observer method is that it blurs equally the 
stimulus and the background. The disadvantage of the observer method is that it requires control of 
accommodation as the blurred images are produced by lenses or by reshaping the deformable mirror of 
adaptive optics system. Smith et al. (1989) compared the visual acuity with different magnitudes of 
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defocus between source and observer methods and the visual acuity was better with the observer method 
than with the source method. 
 
2.5 Psychophysical methods to measure blur adaptation  
Psychophysics is the scientific study to quantify the relationship between a stimulus in the physical 
domain and the corresponding sensation or perception in the psychological domain (Gescheider 1997). 
An example of a psychophysical test is visual acuity measurement, where the observer reads (perceptual 
response) the visual acuity chart of different letter sizes (physical stimuli) and the outcome is the 
smallest size of letter that an observer can recognise. This outcome is known as the threshold, which is 
defined as the smallest detectable intensity of the stimulus magnitude that results in the perception of 
the observer (Kingdom and Prins 2010). Generally psychophysical thresholds have been divided into 
two categories - absolute threshold and difference threshold (Kingdom and Prins 2010). An absolute 
threshold refers to the magnitude of the stimulus intensity at which an observer can detect the presence 
of a stimulus, also known as detection threshold. The difference threshold is the magnitude at which an 
observer can discriminate the smallest difference between two stimuli, also known as the discrimination 
threshold. Apart from these two, one more threshold is available based on a recognition or identification 
task where observers have to name or categorise the stimuli, known as the recognition threshold. Visual 
acuity measurement is an example of recognition threshold.  
There are three classical psychophysical techniques available for measuring these thresholds - method 
of adjustment, method of limits, and method of constant stimuli (Kingdom and Prins 2010). The method 
of adjustment involves the observer adjusting the stimulus strength until it is just detectable (absolute 
threshold) or matches a standard stimulus (difference threshold). The threshold is taken as the average 
value following multiple trials. Since an observer controls the stimulus strength, there is a subjective 
bias in determining the threshold (Gescheider 1997). 
In the method of limits, an investigator presents the stimuli well above or below the threshold limit and 
either decreases or increases the stimulus strength until the observer detects the stimulus. There are two 
possible errors. The first one is error of habituation, where the observer develops a habit of repeating 
the same response as the direction of stimulus strength changes gradually in the direction of threshold 
over several trials. This error of habituation resulting into falsely increasing thresholds for ascending 
order trials and falsely decreasing thresholds for descending order trials (Gescheider 1997). The second 
error is error of anticipation or error of expectation, where the observer expects the stimulus magnitude 
to reach the threshold level before it is actually reached. The threshold will be too low for ascending 
order trials and too high for descending order trials (Gescheider 1997). To avoid these errors, a variation 
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of the method of limits called the staircase method has been developed which involves both ascending 
and descending limits of stimuli within a trial (Cornsweet 1962). 
The method of constant stimuli is the repeated presentation of stimulus around the threshold. The 
stimulus levels are not related to each other, but presented randomly. This prevents the observer from 
being able to predict the level of the next stimulus, and therefore reduces errors of habituation and 
expectation. In one form, observers have to report whether the stimulus exceeds threshold or not with a 
simple response of yes or no. Another form used is alternate forced choice procedure in which the 
observer has to choose from two or more alternatives (Kingdom and Prins 2010). In two alternate forced 
(2AFC) procedures, results are expected to be correct 50% of the time when the stimulus is well below 
threshold, so the threshold is commonly taken as 75% (Kingdom and Prins 2010). In 4AFC procedures, 
the corresponding values are 25% and 62.5% (Kingdom and Prins 2010). The main disadvantage of this 
procedure is that it is a time consuming procedure since it requires multiple trials.  
Adaptive procedures have been proposed to reduce the testing time and improve the threshold 
determination accuracy from those occurring in the method of constant stimuli. Stimulus level 
presentations are based on the observers’ response from preceding trials. Of these methods, QUEST 
(Quick Estimate by Sequential Testing) (Watson and Pelli 1983) is one them which is based on Bayesian 
estimation of threshold determination. 
The applications of psychophysical procedures have been seen in the studies on blur adaptation to 
astigmatism (Sawides et al. 2010) and higher order aberrations (Sawides et al. 2011a) in the literature. 
2AFC procedure was used to determine the blur threshold and QUEST method was used for the stimulus 
level presentation in those studies. There are two important outcomes reported in the literature – 
perceived isotropic point (Sawides et al. 2010) and subjective best focus point (Sawides et al. 2011a). 
The perceived isotropic point is the position when an observer reports the testing image is blurred 
equally in all meridians. Subjective best focus point is defined when an observer reports the testing 
image is clear following an adapting blurred image. The perceived isotropic point and subjective best 
focus point were determined as the average value of the last few reversals of multiple trials. Details 
about the blur adaptation studies using 2AFC method are discussed in the section 2.6.2. 
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2.6 Previous studies on blur adaptation    
2.6.1 Blur adaptation to defocus   
This section will review blur adaptation to defocus in previous studies. The observer method was used 
in these studies. This section will discuss changes of visual function of visual acuity, contrast sensitivity 
and accommodative response following blur adaptation. This knowledge is essential for the present 
study which has the main outcome of change in visual acuity following blur adaptation.  
Visual acuity adaptation to blur 
George & Rosenfield (2004) adapted subjects to +2.50 D defocus binocularly by watching a programme 
on television at a viewing distance of 5 metre(m) for 2 hours. Both high contrast and grating acuities 
were measured through the +2.50 D defocus binocularly at 30 minutes interval during the course of the 
2-hour test period for myopes and emmetropes. High contrast visual acuity was measured using Landolt 
C optotypes (90% contrast) presented at 5 m viewing distance with computerised visual acuity chart. 
Grating acuity was assessed by presenting randomly oriented (vertically oriented or tilted to the left or 
right) sine-wave gratings (for contrast levels of 98%, 63%, 40%, 25%, 16%, 6.3% and 2.5%) at 5 m 
distance on a computerised visual display. Each grating (at a particular contrast level) was presented 
for three times and the grating acuity was considered to have been resolved correctly if the participants 
were able to identify the orientation correctly for at least two of three presentations. Mean high contrast 
visual acuity at the beginning and end of the 2-hour adapting period for the myopic participants were 
0.77 ± 0.24 logMAR and 0.50 ± 0.21 logMAR respectively. For emmetropes it was 0.80 ± 0.31 logMAR 
and 0.67 ± 0.28 logMAR, respectively. At the end of the adaptation period the visual acuity had 
improved by 0.27 ± 0.20 logMAR in myopes and 0.13 ± 0.19 logMAR in emmetropes. The visual acuity 
improvement was not significant between the groups. For myopic participants, the grating acuity 
improved for 2.5%, 6.3% and 16% contrast levels. At the beginning the mean grating acuities were 
0.50(± 0.02 SEM) logMAR, 0.30(± 0.07 SEM) logMAR) and 0.25 (± 0.05 SEM) logMAR for 2.5%, 
6.3% and 16% contrast levels respectively. After adaptation, the grating acuities were 0.30(± 0.07 SEM) 
logMAR, 0.20(± 0.04 SEM) logMAR and 0.18 (± 0.04 SEM) logMAR for 2.5%, 6.3% and 16% contrast 
levels, respectively. For emmetropic participants there was no improvement in the grating acuity at any 
contrast level. 
Mon-Williams et al. (1998) induced +1.00 D defocus monocularly for 30 minutes in 15 emmetropic 
participants. Mean visual acuity changed from 0.36 logMAR to 0.24 logMAR in right eye, 0.36 
logMAR to 0.27 logMAR in the left eye and binocularly from 0.23 logMAR to 0.15 logMAR in all 
participants. Mon-Williams did not include any myopic participant for this study. Poulere, 
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Moschandreas, Kontadakis, Pallikaris and Plainis (2013) compared blur adaptation using two different 
types of visual acuity charts. Visual acuity was measured for letter and Landolt C logMAR charts in 
three visual conditions - with the distance refractive correction and no added defocus lens (control 
experiment), immediately after exposure to +2.00 D defocus (over distance refractive correction) and 
after +2.00 D blur adaptation for 60 minutes, while watching a movie. Immediately after exposure to 
defocus letter chart visual acuities were 0.67 ± 0.03 logMAR in emmetropes and 0.56 ± 0.04 logMAR 
in myopes. After 60 minutes blur adaptation, visual acuities were 0.58 ± 0.04 logMAR and 0.49 ± 0.04 
logMAR in emmetropes and myopes respectively. Therefore, letter chart visual acuity improved in 
emmetropes (0.10 ± 0.08 logMAR) and myopes (0.07 ± 0.08 logMAR). Immediately after exposure to 
defocus, Landolt visual acuities were 0.73 ± 0.03 logMAR in emmetropes and 0.69 ± 0.04 logMAR in 
myopes. After 60 minutes blur adaptation, visual acuities were 0.64 ± 0.04 logMAR and 0.56 ± 0.04 
logMAR in emmetropes and myopes respectively. Landolt C chart visual acuity improved in 
emmetropes (0.09 ± 0.07 logMAR) and myopes (0.13 ± 0.03 logMAR). The visual acuity adaptation 
was observed in both emmetropes and myopes but did not differ between the two groups and between 
the two visual acuity charts. Rosenfield, Hong and George (2004) determined blur adaptation in low 
myopic participants (mean refraction: −1.85 ± 0.70 D) by measuring the monocular visual acuity with 
high contrast letters and with gratings between 2.5% and 40% contrast levels at 30 minutes interval 
during the course of total 3 hours period without refractive correction of the participants. During the 3 
hours participants watched television at 5 m viewing distance. Participants were required to wear their 
refractive correction for a continuous 1-hour period before starting the experiment. Letter visual acuity 
was measured with logMAR, high contrast (90%) chart at a viewing distance of 4 m. The protocol of 
measuring grating acuity was same as followed by George and Rosenfield (2004). Mean uncorrected 
high contrast visual acuity was improved from 0.76 ± 0.26 logMAR to 0.53 ± 0.23 logMAR after 3 
hours. Mean uncorrected grating acuities were 0.60(± 0.12 SEM) logMAR, 0.40(± 0.08 SEM) logMAR, 
0.35(± 0.07 SEM) logMAR, 0.25(± 0.05 SEM) logMAR, 0.25(± 0.05 SEM) logMAR and 0.20(± 0.04 
SEM) logMAR at the beginning for 2.5%, 4%, 6.3%, 16%, 25% and 40% contrast levels respectively. 
After 3 hours adaptation, the grating acuities were 0.30(± 0.06 SEM) logMAR, 0.30(± 0.06 SEM) 
logMAR, 0.32(± 0.07 SEM) logMAR, 0.18(± 0.03 SEM) logMAR, 0.18(± 0.03SEM) logMAR and 
0.08(± 0.21SEM) for 2.5%, 4%, 6.3%, 16%, 25% and 40% contrast levels respectively. The grating 
acuity improvement was significant with 25% and 40% contrast levels. Both letter visual acuity and 
grating acuity was improved in all participants in the study without any change in their refractive error. 
Pesudovs and Brennan (1993) measured blur adaptation for 10 low myopic (mean refraction −2.00D) 
participants. Participants watched television at 6 m distance for 90 minutes with and without wearing 
their spectacle correction in different sessions. Unaided visual acuity was 0.04 ± 0.02 logMAR better 
after the session without spectacle correction than for the session with spectacle correction. 
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In summary, blur adaptation on visual acuity has been tested either by inducing spherical blur or 
removing spectacle correction. Visual acuity improvement (0.13 ± 0.03 logMAR to 0.27 ± 0.20 
logMAR in myopes and 0.09 ± 0.07 logMAR to 0.13 ± 0.19 logMAR in emmetropes) was noticed 
across studies. 
Explanation for improvement of visual acuity  
The effect of blur adaptation on visual acuity might be driven by optical factors or neural factors. The 
optical factors that affect visual acuity are change in the refractive error, pupil size, and axial length. 
Smith et al (1991) showed that with a fixed pupil size of 4-mm, 0.3 D change in refractive error 
correspond to one line change in visual acuity on a letter chart. However the blur adaptation studies by 
Mon-Williams et al. (1998), George and Rosenfield (2004), Rosenfield et al. (2004), Pesudovs and 
Brennan (1993) and Poulere et al. (2013) did not show any change in the refractive error following the 
blur adaptation. Considering the pupil size, larger pupil size increases the optical aberrations, which 
reduces the visual acuity. Atchison, Smith and Efron (1979) reported that for a group of uncorrected 
myopes (−0.75 to −7.50 DS), visual acuity improved as artificial pupillary apertures decreased in size. 
However this interaction between pupil size and visual acuity was not seen in the blur adaptation study 
by George and Rosenfield (2004). They reported blur adaptation occurs even when the participants were 
looking the adapting target through an artificial pupillary aperture after pupillary dilation. Mon-
Williams et al. (1998) did not find any difference in pupil size after comparing pre- and post-adaptation 
pupil size of the participants. Based on these findings, visual acuity improvement in adaptation must be 
driven by neural factors. 
Contrast sensitivity adaptation to blur  
There have been four studies of contrast sensitivity adaptation to spherical blur (Mon-Williams et al. 
1998, Ohlendorf and Schaeffel 2009, Rajeev and Metha 2010, Venkataraman, Winter, Unsbo and 
Lundström 2015). Mon-Williams et al. (1998) compared the contrast sensitivity for a range of spatial 
frequencies between 2 and 25 cycles/degree before and after 30 minutes adaptation to +2.00 D defocus 
when watching television at 4 m distance with four emmetropic participants. Participants viewed a 
grating of particular spatial frequency on a computer screen at 4 m distance. An adaptive psychometric 
procedure consisting of 30 trials for each spatial frequency was used to determine the contrast 
sensitivity. In each trial, participants were required to press a key to indicate whether they were able to 
detect the vertically oriented grating. The contrast sensitivity was decreased for the range of 5-25 
cycles/degree, but was not consistent among the participants.  
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Rajeev and Metha (2010) compared CSF for six different spatial frequencies (0.5, 1, 2, 4, 8 and 12 
cycles/degree) before and after 30 minutes adaptation to +2.00 D defocus. During adaptation, subjects 
viewed different types of natural images consisting of familiarised outdoor scenes. Contrast sensitivity 
was measured using horizontal Gabor patches on a CRT monitor. Participants had to perform a two 
interval forced choice task to detect the stimuli. The psychophysical test sequence as follows - each trial 
began with a small fixation target on a uniform background lasting 250 milliseconds. After a gap of 500 
milliseconds, two interval forced choice stimuli were accompanied by an audible tone in each interval 
while the stimulus appeared randomly in one of the intervals. Each stimulus interval lasted 500 
milliseconds, separated by a 250-ms interstimulus interval. Participants had to give the correct response 
and immediate feedback was provided by a different audible tone whenever the responses were 
incorrect. A new trial began 2400 milliseconds after a correct response or the feedback sound that 
followed an incorrect response. The psychophysical task consisted of 40 trials at each of the six spatial 
frequencies and took 22 minutes to complete. Preadaptation, a blank grey screen was shown between 
the trials; while in post-adaptation natural outdoor scenes were shown in to reduce the decay of blur 
adaptation.  Contrast sensitivity improved by 0.16 log units with the highest spatial frequencies (8 and 
12 cycles/degree) and worsened to 0.22 log units with the lowest spatial frequencies (0.5 and 1 
cycles/degree). This result is dissimilar to that of  Mon-Williams et al. (1998) finding  that where 
contrast sensitivity worsened for 5-25 cycles/degree. The reason behind the different results might be 
decay of blur adaptation in the Mon-Williams study.  
Ohlendorf and Schaeffel (2009) determined contrast sensitivity adaptation using a 3.22 cycles/degree 
Gabor patch to added lenses (+4 D, −4 D, −2 D) while watching a movie on computer screen at 1 meter 
distance for 10 minutes. There were 15 emmetropes (−0.1 ± 0.3 D) and 14 myopes (−3.4 ± 1.7 D). There 
was a mean improvement of 0.03 (±0.02SEM) log units (0.10 log units to 0.07 log units) following +4 
D adaptation but not following either −2 D or −4 D adaptation. There was no significant difference in 
contrast sensitivity between emmetropes and myopes. Venkataraman et al. (2015) measured CSF with 
1-10 cycles per degree spatial frequencies following with and without +2.00 D blur adaptation to small 
(7.5 degree) and large (42 degree) stimuli. A 30-minute video of a natural scene was shown in the small 
stimulus (7.5 degree) and also in the large stimulus, which was a 7-tiles version of the 7.5 degree 
stimulus stacked horizontally. The adaptation with the 7.5 degree stimulus was 0.12 log units with 3-4 
cycles/degree spatial frequency range following after blur adaptation but there was no adaptation with 
42 degree stimulus.  
In summary, the outcomes of blur adaptation on contrast sensitivity from the four abovementioned 
studies were contradictory. Contrast sensitivity adaptation was noticed for 3-12 cycles/degree with 
positive spherical defocus. Out of the four studies, two studies showed contrast sensitivity adaptation 
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with 3-4 cycles/degree spatial frequencies (Ohlendorf and Schaeffel 2009, Venkataraman et al. 2015) 
and one study showed contrast sensitivity adaptation with 8-12 cycles/degree spatial frequencies 
(Rajeev and Metha 2010). The blur adaptation on contrast sensitivity was noticed with small field of 
adaptation stimulus and disappeared as the adaptation stimulus field extended (Venkataraman et al. 
2015).  
Accommodation and depth of focus adaptation to blur 
Cufflin, Hazel and Mallen (2007a) compared the static accommodative response in emmetropes (+0.1 
± 0.31 D) and myopes (−4.44 ± 1.64 D) following added defocus of 0 D, +1.00 D and +3.00 D for 45 
minutes. During the 45 minutes participants watched television at 4 m. The accommodative stimulus-
response function was measured using Shin-Nippon open field autorefractor for a 0 to −4.5 D stimulus 
vergence range. There was no significant change observed in the accommodative response between the 
adapting conditions.  
Cufflin and Mallen (2008) compared the dynamic accommodative response in 18 participants [six 
emmetropes (+0.20 ± 0.23 D), six early-onset myopes (−4.40 ± 1.56 D) and six late-onset myopes 
(−1.79 ± 0.75 D)] following added defocus of 0 D, +1.00 D and +3.00 D for 30 minutes, while watching 
a movie at 4 m. Dynamic accommodative response was measured for step and sinusoidal changes of 
target vergence and the duration of measurement of each change was 60 seconds. A Shin-Nippon 
autorefractometer was used to record the accommodative response. For step responses, Maltese cross 
targets were shown at −1.00 D and −3.00 D accommodation demand, with switching every 10 seconds. 
For sinusoidal target response, a Maltese cross target moved along a linear track at 0.2Hz frequency 
between −1.00 D and −3.00 D accommodation demands. There was no change in accommodative 
latency with increase in accommodative demand, but an overall change of accommodative response 
was observed in all groups (0.66 ± 0.16 seconds for 0.00 D, 0.86 ± 0.21 seconds for +1.00 D and 0.80 
± 0.16 seconds for +3.00 D. Overall accommodative response changes were 1.79 ± 0.29 D, 1.89 ± 0.42 
D, and 2.09 ± 0.44 D for 0.00, +1.00, and +3.00 D respectively. No changes were noticed between the 
refractive groups and with decrease in accommodative demand. The peak to peak phase lags were 40.2 
± 16.4º, and 46.9 ± 17º more with +1.00 and +3.00D blur respectively than the phase lag of 27.9 ± 9.1º 
with 0.00 D, but no changes occurred in the trough to trough phase lag. Accommodative gain remained 
unchanged. The study indicates blur adaptation on accommodative response times and accommodative 
response change with increased accommodative demand and on the peak to peak phase lag. 
Le et al. (2010) studied blur adaptation on accommodative variability, accommodation response and 
pupil diameters in myopes and emmetropes in three different visual conditions: (A) with distance 
refractive correction, (B) with +1 D of defocus over distance refractive correction and (C) with +3 D of 
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defocus over distance refractive correction. The accommodative response was measured monocularly 
with an open field auto refractometer with a target of rapid serial visual presentation on a laptop screen 
33cm from the participants. For the visual conditions B & C, an additional lens +3.00 D was used over 
distance refractive correction to compensate for the required accommodation when viewing the target 
at 33cm. Each visual condition was used in random order for measurement. Each participant performed 
a 30-minute reading task during the experiment, which was divided into six 5-minute periods. Period 1 
was the baseline measurement and in period 2 participants were given rest for 5 minutes. In period 3 
blur was introduced and accommodative response was measured, (“5 minutes blur adaptation test”). In 
period 4 the defocus blur was removed and accommodative response was measured for 5 minutes, (“first 
post-adaptation test”). Again, participants were given rest for 5 minutes in period 5 and finally the 
accommodative response was measured for 5 minutes in period 6. There was significant drop of 
accommodative response during the blur adaptation in all participants, but the accommodation level 
was returned to pre-adaptation level once defocus blur was removed in period 4. The result from the 
study suggests short-term accommodative instability in the visual system following blur adaptation. 
Cufflin, Mankowska and Mallen (2007b) measured depth of focus under cycloplegia with a Badal 
optometer in emmetropes (+0.12 ± 0.35 D), early-onset myopes (−4.56 ± 2.50 D) and late-onset myopes 
(−2.34 ± 1.21 D) following adaptation to +1.00 D defocus for 30 minutes. During the 30 minutes of 
adaptation participants watched television at 4-meter distance. Depth of focus was measured 
monocularly and the other eye was occluded during the experiment. A 4-mm artificial pupil was used 
for all participants to control the pupil size. The depth of focus was 1.24 ± 0.22 D before adaptation and 
1.39 ± 0.29 D after adaptation in emmetropes. For early-onset myopes the depth of focus was 0.98 ± 
0.41 D before adaptation and 1.51 ± 0.46 D after adaptation. Late-onset myopes had 1.01 ± 0.30 D 
before adaptation and 1.27 ± 0.38 D after adaptation. The depth of focus was increased for all 
participants, but early-onset myopes showed greater adaptation than late-onset myopes and 
emmetropes. 
In summary, with different adapting conditions static accommodative response remains unchanged 
(Cufflin et al. 2007a) but significant dynamic accommodative response time and changes occurred with 
increased accommodative demand (Cufflin and Mallen 2008). Short term accommodative response 
adaptation was noticed in myopes and emmetropes (Le et al. 2010).The depth of focus was increased 
in emmetropes, early-onset myopes and late-onset myopes following adaptation to spherical blur. Early-
onset myopes showed more increase in depth of focus than late-onset myopes and emmetropes (Cufflin 
et al. 2007b). 
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Table 1 shows the summary of blur adaptation on visual acuity, contrast sensitivity, and accommodative 
response across studies. 
 
 
 
 
 
 
 
 
 
Blur adaptation of visual acuity, contrast sensitivity and accommodative response was noticed across 
the studies of defocus blur adaptation. These studies had variable adapting periods from 10 minutes to 
3 hours. Using such adapting period was not practical for the present study as the experiment 
methodology had a long duration of psychophysical task with multiple sessions. 
2.6.2 Blur adaptation to astigmatism and higher order aberrations 
Adaptations to astigmatism blur and higher order aberrations (HOAs) blur have been studied only using 
source methods (de Gracia et al. 2010, Sawides et al. 2010, de Gracia et al. 2011, Sawides et al. 2011a, 
Sawides et al. 2011b, Sawides et al. 2012, Vinas, Sawides, De Gracia and Marcos 2012, Sawides et al. 
2013). These studies were performed using an AO system and adaptive psychophysical procedures were 
used to quantify the blur adaptation. These studies will provide important inputs to develop the present 
study protocol, where an AO system is the principal experiment apparatus and a psychophysical 
procedure is used to measure blur adaptation. 
Adaptation to astigmatism blur 
The 2 AFC staircase procedure has been used for determining the adaptation to astigmatism blur 
(Sawides et al. 2010). Lower order aberrations and HOAs were corrected with an adaptive optics 
system, followed by presentation of astigmatic blur stimuli. There was a 2-minute adaptation to the 
adapting image (either horizontally or vertically astigmatism blur) after which a test image was 
 Visual acuity Contrast sensitivity Accommodative response 
Adapting period 30 minutes to 3 hours 10 to 30 minutes 30 to 45 minutes 
Adapting blur +1.00 to +3.00 D with 
lenses 
± 2 D and ± 4 D with lenses +1.00 to +3.00 D with lenses 
Adaptation target Watched movie in TV Watched movie in TV Watched movie in TV 
Post-adaptation 
task 
High contrast VA 
measurement 
CS measurement for 0.5 to 12 
CPD spatial frequencies 
Dynamic and static AR for 0 
to 4.5 D stimuli 
 
Results One to two lines VA 
improvement 
CS improved with positive 
defocus 
No improvement of CS with 
negative defocus 
Dynamic AR significantly 
changed 
No change in static AR 
 
Table 1:  Summary of blur adaptation on visual acuity (VA), contrast sensitivity (CS) and accommodative 
response (AR) across studies. 
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presented for 3 seconds. The subjects had to identify the axis (horizontal or vertical) of the perceived 
blur in the test image. The blur levels in the testing images were varied until it appeared isotropic. This 
perceived isotropic point was measured as the average value of last 12 reversals. Sawides et al. (2010) 
performed five different experiments for astigmatism blur adaptation. In the first experiment, to check 
the selectivity towards the axis of astigmatism subjects adapted to a single image of a human face 
blurred with ±0.3 µm horizontal and/or vertical astigmatism. The blur level of testing images was varied 
from +0.3 µm to −0.3 µm with a 2AFC procedure until the test image appeared isotropic. In the second 
experiment, the isotropic point was determined when the adapting image and the testing image were 
different (two different human face images were used). The third experiment investigated the influences 
of change in target size on astigmatism blur adaptation. In this experiment participants adapted to 
constant magnitude of blur with different sizes of adapting images and constant size of adapting images 
with different magnitude of blur. The fourth experiment investigated the effect of image orientation of 
astigmatic adaptation (same human face was used as adapting image and testing image rotated 45º in 
opposite directions). The fifth experiment was to investigate the effect of magnitude of astigmatism 
blur of the adapting images on blur adaptation. For this the astigmatism blur was varied from +0.6 µm 
to −0.6 µm in 10 nm steps with same orientation. Adaptation was measured for only 9 different levels 
from the range. For the first experiment, adapting to a horizontally astigmatism blur image induced a 
shift in the isotropic point towards horizontal astigmatism blur, and adapting to a vertically astigmatism 
blur image induced a shift in the isotropic point towards vertical blur. The second, third and fourth 
experiments showed no significant effect of different adapting and testing images, image size or image 
orientation on astigmatism blur adaptation. In the fifth experiment the adaptation effect was tending to 
get saturated with increasing amount of blur. 
de Gracia et al. (2010) studied the interaction of coma and astigmatism in determining the retinal image 
quality relative to that for astigmatism alone in two participants. The Strehl ratio was used for 
computational image quality and subjective image quality was measured with through focus visual 
acuity. Strehl ratios were computed for −1 D to +1 D (in 0.25 D steps) defocus range with the 
astigmatism ranging in magnitude from 0 to 1.50 D and at angles from 0º to 90º, and coma ranging from 
0 to 1µm at relative angles to astigmatism of 0º to 90º. Strehl ratios showed improvement with the 
combination of astigmatism ranging from 0 to 1.50 D and coma ranging from 0.11 to 0.35 µm at relative 
angle to astigmatism of 0 to 90º over 0 to 1.50 D astigmatism alone. The highest improvement of Strehl 
ratio was found with the combination of 0.5 D astigmatism and 0.23 µm at 45º. Through focus visual 
acuity measured for −0.6 D to +0.6 D defocus (in 0.2 D steps) with astigmatism (0.5 D at 45º) and coma 
(0.23 µm at 45º) showed improved decimal visual acuity up to 1.47 from the 0.8 visual acuity with 
astigmatism alone at −0.2 defocus level. Following this result, de Gracia et al. (2011) tested the 
interaction of astigmatism, coma and defocus on visual acuity in twenty participants with spherical 
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correction ranging from −5.75 D to +1.75 D and astigmatism correction ranging from 0.50 to 1.5 D. 
Ten non-astigmatic participants were in group 1, five habitually corrected astigmats in group 2 and five 
habitually non-corrected astigmats in group 3. Natural astigmatism and HOAs were corrected by 
adaptive optics in all participants. Visual acuity was measured under three different testing conditions: 
(1) 0.5 D astigmatism at 45º, 0.23 µm coma at 45º and defocus varying from −0.6 D to 0.6 D; (2) 0.5 D 
of astigmatism at 45º, variable coma (from 0.11 to 0.41 µm in 0.06 µm steps) at 45º; (3) 0.5 D 
astigmatism at 45º, coma (0.11, 0.23 and 0.35 µm) at variable relative angles of 0º, 45º and 90º with 
astigmatism. There was a control condition, where visual acuity tested with only 0.5 D astigmatism at 
45º. Visual acuity determination was based on a four-alternative forced choice procedure, where 
participants had to identify the orientations of letter Es. Non-astigmatic participants showed 
improvement in visual acuity when 0.11 to 0.35 µm coma with relative angle of 0º and 45º was added 
to astigmatism, but did not show any improvement in visual acuity with astigmatism alone and with 
other combinations of coma and astigmatism. Habitually corrected astigmatic participants showed equal 
amount of decreased visual acuity with both coma and astigmatism combination and with astigmatism 
alone. Habitually non-corrected astigmatic participants showed decreased visual acuity with coma and 
astigmatism combination. Visual acuity improved with 0.5 D astigmatism at 45º alone in habitually 
non-corrected astigmatic participants when their axes of natural astigmatism close to 45º or 135º. This 
influence of the presence of natural astigmatism on visual acuity improvement is indication of prior 
adaptation to astigmatism.  
Vinas et al. (2012) studied the longitudinal effect of blur adaptation with non-astigmatic, habitually 
corrected astigmatic and habitually non-corrected astigmatic participants at different visits (first day, 1 
week, 1 month and 6 months). Each group had seven participants. Habitually non-corrected astigmatic 
participants were corrected with their spectacle correction and the experiment was performed before 
and after 2 hours of correction on the first day. The psychophysical experiments were performed after 
participants adapted for 5 seconds to a grey field, and then test images (a set of images with constant 
blur but different axis (0-90 degree) of astigmatism) were presented for 1.5 seconds. The grey field was 
presented again between the test images for 1 second. The psychophysical paradigm was single interval 
orientation identification task with a QUEST algorithm used to determine the sequence of presented 
testing images. The participant had to report the perceived orientation of astigmatism blur (either 
horizontal or vertical) from the series of test images (+2 µm to −2 µm amount astigmatism). For the 
non-astigmatic group the axis of astigmatic blur varied from 180 degree to 90 degree. In the habitually 
corrected and habitually non-corrected astigmatic groups the axis of astigmatism blur was varied from 
participant’s axis of natural astigmatism to a 90-degree rotated axis. A total 201 testing images were 
generated for each group. For non-astigmatic group, the images series was presented with vertically 
oriented blur for 1-100 images and with horizontally oriented blur for 102-201 images. For habitually 
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corrected and habitually not corrected astigmatic group, the image series was presented with the images 
blurred along the axis of natural astigmatism for 1-100 images and with 90 degree rotated axis for 102-
201. Image 101 was isotropic. The first five out of the seven non-astigmatic participants judged their 
perceived isotropic point towards the images with symmetrical blur. Sixth and seventh participants 
judged their isotropic point towards the horizontal and vertical astigmatism blurred images respectively. 
For habitually corrected astigmatism participants, the perceived isotropic point shifted towards the 
images blurred along the axis of their natural astigmatism. Four of the seven habitually non-corrected 
astigmatism showed their perceived isotropic point oriented towards their natural axis of astigmatism 
and three of them showed 90 degree rotated of their natural axis of astigmatism. The perceived isotropic 
point persistent up to 6 months in most of the participants from each group. The result of this study 
indicates that habitually corrected astigmats were already adapted to their natural astigmatism. The 
judgement of isotropic point for habitually non-corrected astigmatic participants was consistent up to 6 
months. 
In summary, adaptation to astigmatism blur is selective towards the orientation of axis of natural 
astigmatism for habitually corrected and habitually non-corrected astigmatic individuals. This 
selectivity is maintained even after increasing the astigmatism blur. Visual acuity was better with only 
inducing astigmatism than the combination of coma and astigmatism in habitually non-corrected 
astigmatic participants. Habitually corrected astigmatic participants showed equal amount of decreased 
visual acuity with inducing astigmatism alone as well as with the combination of coma and astigmatism. 
Adaptation to higher order aberration blur 
Artal et al. (2004a) performed the first study of blur adaptation to HOAs. The existing HOAs of all 
participants were corrected by an adaptive optics set up, and the point spread function of their normal 
aberration as well as of their rotated versions were calculated. There were seven rotated versions of the 
normal aberrations in 45 degree intervals. Participants were instructed to view a binary noise stimulus 
through the adaptive optics set up with their own aberrations and with a rotated version of their 
aberration. The stimulus was seen alternatively for 500 ms with normal and rotated versions of the point 
spread functions. The participant’s task was to adjust the magnitude of aberrations by multiplying with 
a factor (F) to match the perceived subjective blur of the stimulus as seen with normal aberration. 
Participants were unaware whether the stimulus was seen through the normal or rotated aberration. For 
a matching task, one of the seven different rotated versions of the aberrations were randomly selected. 
Participants were asked to match the blur with all eight orientations, including the normal orientation, 
in random order. F ranged from 0 to 1.2 in 0.2 steps. If the rotated version of aberration degrades the 
subjective image quality relative to the normal aberrations, then the matching value of F was less than 
1. For all participants, the matching F was between 0.6 and 0.8 with rotated version of aberrations and 
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the matching F was 1 for normal aberrations. Thus, stimuli seen through an individual’s natural HOAs 
always appear sharper than when seen through a rotated version of the same HOAs. This indicates that 
the visual system is adapted to their natural aberrations. 
Sabesan and Yoon (2010) measured high (100%) and low (20%) contrast tumbling E visual acuity in 
four moderate keratoconic eyes in which participants were wearing their own prescribed soft toric 
contact lenses over a 6-mm pupil. In addition, VA was measured in three emmetropic participants eyes 
where an AO system used to correct their natural HOAs and induce the identical aberrations to those of 
the keratoconic eyes during visual acuity measurement. For each emmetrope, visual acuity was tested 
with four sets of keratoconic aberrations. The best visual acuity of both groups was not mentioned in 
the study. The mean high contrast visual acuity was 0.12 ± 0.09 logMAR better in keratoconic eyes 
than in the emmetropic eyes. This is another example of blur adaptation, in which keratoconic eyes 
were already adapted to their natural level of blur.  
Sawides et al. (2011a) performed experiments on short term blur adaptation to HOAs. Her first 
experiment determined the effect of magnitude of HOAs on blur adaptation. The experiment protocol 
was a 2AFC procedure and QUEST method used for determined the testing image level. 41 different 
blur levels were generated as testing images between 0 (diffraction limited) and two (double the natural 
aberration). Subjects had to perform the test for six different conditions: after neutral adaptation (to a 
gray screen) and after adaptation to five different levels of blur: two levels of sharper images (F=0; 
F=0.5), a natural aberration level (F=1) and two levels of more blurred images (F=1.5; F=1.9). The 
sequence consisted of an initial 1 minute adaptation to the adapting image, after which a testing image 
was presented for 1 second to the participant who had to respond if the test image was clear or blurred. 
The adapting image was reshown for 3 seconds between the testing image presentations. The subjective 
best focus point was determined as the average of the last 8 reversals. Increase in blur of the adapting 
image moved the subjective best focus point towards the blurred levels and after adapting to a sharp 
image the subjective best focus point shifted towards the sharper levels. These results demonstrate that 
the eye can adapt to HOAs induced blur, which might be an important factor in understanding the 
perceptual changes that occur when HOAs are altered by pathology or surgery. 
Sawides et al. (2012) investigated whether blur adaptation was biased by magnitude and orientation of 
HOAs. Two different experiments were performed. In the first experiment with six participants, the 
blur levels in the testing images were calculated from 128 levels of defocus (varying from 0.036 to 0.29 
D in 0.002 D steps) with same orientation of the point spread function of HOAs. Participants’ natural 
HOAs were corrected with an adaptive optics set up. A 2AFC procedure was performed, where subjects 
had to adapt to a grey screen for 1 minute after which a test image was presented for 1 second. Subjects 
had to respond if the image was clear or blurred. This subjective best focus point was considered as the 
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averaged value of the last eight reversals from 16 reversals or 35 trials. The blur level corresponding to 
the subjective best focus point was expressed in terms of Strehl ratio and compared to the Strehl ratio 
of the natural retinal image blur for each participant. There was a strong correlation observed between 
the participants’ natural blur and the perceived blur corresponding to the subjective best focus point. In 
a second experiment with four participants, the blur images were generated with constant blur level and 
with different orientations of point spread functions of the HOAs. A 2 AFC procedure was performed, 
with a 20 s of adapting grey field presented at the beginning of the experiment, and a pair of blurred 
images with different HOA patterns presented sequentially (1.5 seconds each). One of the images from 
the pair was blurred by the point spread functions generated from a database of 100 wave aberrations 
from real eyes.  The other image blurred by a reference pattern which includes participants’ natural 
PSF, 90 degree rotated PSF and nine other PSFs (three from other participants and six from the database 
of real eyes). The participants had to respond whether the first or second image appeared better focused. 
Participants did not select consistently any particular orientation of the point spread function of HOAs 
as a better focused image. The selectivity of better focused images was not correlated with orientation 
of the point spread function of HOAs.  
In summary, these studies on HOAs blur adaptation were performed with only short term adaptation to 
blur and the results showed that human eyes adapted to their natural HOAs. The human eye can adapt 
to the blurred images produced by the manipulation of the natural HOA and the blur adaptation was not 
dependent on the orientation of the point spread function of HOAs. The durations of adapting and testing 
image presentation used by Sawides et al. (2011a) with a long duration of psychophysical tasks with 
multiple sessions were practical. Therefore, I used similar durations of adapting and testing image 
presentation for the present study. 
2.6.3 Blur adaptation with source and observer methods  
Adaptation to astigmatism blur was compared using both source and observer methods (Ohlendorf et 
al. 2011b). At first Ohlendorf et al. (2011a) compared the effects of simulated and real spherical and 
astigmatic blur  on visual acuity. ZEMAX software was used for simulated blur and spherical and 
astigmatic trial lenses were used for real blur. Visual acuity was measured with the characters equivalent 
to a visual acuity logMAR 0.0, logMAR 0.2 and log MAR 0.5. The sizes of the letters were calculated 
for the 4 m test distance. Eight different visual acuity charts were used to reduce the risk of learning 
effects during repeated presentations of the letters. The visual acuity charts were presented at a 4 m 
distance on a computer monitor. Three different experiments were performed in which the amount of 
blur was determined that was necessary to reduce the visual acuity by 20%, 50% and 75%. The first 
experiment produced real (observer method) and simulated (source method) positive defocus. The 
second experiment compared the visual acuity with real and simulated ± 4.50 D astigmatic blur at axes 
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of 180º, 45º and 90º. The third experiment compared the visual acuity with real and simulated cross-
cylinders (± 4.50 D) effect at axes of 180º, 45º and 90º. The simulated defocus necessary to reduced 
visual acuity at previously mentioned rate (20%, 50%, and 75%) was less (exact amount of defocus was 
not reported) than real spherical defocus in the first experiment. In the second and third experiments, 
there was 40 to 60% less requirement of the simulated astigmatic and cross cylinder blur to reduce 
visual acuity (20%, 50% and 75% rate) than the real astigmatic and cross cylinder blur.  
In another study by Ohlendorf et al. (2011b) where ten participants watched a movie at a 4 m distance 
for 10 minutes either convolved frame-by-frame with an astigmatic point spread function, equivalent to 
+3 D astigmatism blur or an unfiltered movie but with spectacle frames with  +3 D full field astigmatic 
trial lenses. Participants watched the simulated blurred target at a small angle of 3º and the scene around 
the display was not blurred. High contrast visual acuity was determined at 4 m with number charts, each 
line consisting of five single numbers, presented on a conventional computer monitor. The size of the 
numbers in the chart were calculated for the distance of 4 m to match visual acuities ranging from log 
visual acuity 0.0 to log visual acuity 0.9 in 0.1 steps. Astigmatism blur was induced with same axis 
adapting and testing images and as well as different axis (90 degree oriented) adapting and testing 
images. With same axis adapting and testing images, with observer method the visual acuities were 0.59 
± 0.15 logMAR and 0.53 ± 0.17 logMAR, (p < 0.001) for pre-adaptation and post-adaptation, 
respectively, giving a change in visual acuity of −0.07 ± 0.03 logMAR and with source method the 
visual acuities were 0.76 ± 0.10 logMAR and 0.67 ± 0.12 logMAR, (p < 0.001) for pre-adaptation and 
post-adaptation, respectively, giving a change in visual acuity of −0.09±0.07 logMAR. The visual acuity 
adaptations were not significant between the two methods (p>0.1). However, the participants had better 
visual acuity with the observer method than the source method (p<0.05). With different axis adapting 
and testing images, with observer method the visual acuities were 0.37 ± 0.07 logMAR and 0.34 ± 0.10 
logMAR for pre-adaptation and post-adaptation, respectively, giving a change in visual acuity of −0.04 
± 0.09 logMAR (p=0.19) and with source method the visual acuities were 0.53 ± 0.15 logMAR and 
0.50 ± 0.08 logMAR for pre-adaptation and post-adaptation, respectively, giving a change in visual 
acuity of −0.04 ± 0.07 logMAR (p=0.13). All participants had better visual acuity with observer 
methods than source methods (p<0.01) (Ohlendorf et al. 2011b).  
In summary, the blur adaptation on visual acuity was noticed using source and observer methods. 
Participants always had better visual acuity with observer methods than source methods, but there was 
no difference in adaptation.  
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2.7 Limitations of previous studies on blur adaptation; research 
question 
Previous studies on blur adaptation have these following limitations -   
The majority of the defocus blur adaptation studies have used the observer method and the impact of 
defocus blur adaptation on visual acuity and contrast sensitivity has been investigated. The studies on 
HOAs blur adaptation were based on only source methods with human face images and natural scenes 
as the targets. Comparison between the two blur generation methods is necessary since source method 
provides only intensity information to the retinal image while the observer method provides both 
intensity and phase information. The HOAs blur adaptation on visual acuity and contrast sensitivity has 
not yet been investigated. This will help to better understand the visual performance in the eyes with 
HOAs blur either due to refractive surgery or with clinical conditions like keratoconus. There was only 
one study of adaptation to astigmatism using both source and observer methods (Ohlendorf et al. 
2011b), where there was no significant effect. The possible restriction in this study is the different field 
of view of the simulated and real blurred targets during adaptation.  
The source method based astigmatism and HOAs blur adaptation experiments were performed using 
polychromatic targets but only monochromatic aberrations were used in the convolution method to 
generate stimuli. Chromatic aberrations have a significant role in degrading the simulated images 
viewed under images corrected or not corrected for their monochromatic aberrations (McLellan, 
Marcos, Prieto and Burns 2002). Due to the interaction of chromatic aberration with other ocular 
aberrations, there might be under or over estimation of blur adaptation. Thus, blur adaptation 
measurement may not be appropriate with source methods.  
The durations of adapting blur images varied in the previous studies. The durations of adapting defocus, 
astigmatism and HOAs blur images were 10 minutes to 3 hours, 5 seconds to 10 minutes and 1-2 
minutes, respectively. This could be an important factor in any study of blur adaptation as there might 
be a correlation between the visual or perceptual performance and duration of adapting blur. The long-
term effect of adapting astigmatism and HOAs induced blur image on visual performance is yet to be 
studied. 
 
Le et al. (2010) performed the study of spherical blur adaptation on accommodative response while 
reading continuous text and they found a significant accommodative fluctuation, but there was no 
documentation about the effect of blur adaptation on the reading speed. The effect of HOAs blur 
adaptation on accommodation and reading performance has not yet reported in the literature. Depth of  
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focus adaptation has been reported only for spherical blur. None of the studies has reported on depth of 
focus adaptation to individual HOAs. HOAs blur adaptation may increase the depth of focus as 
previously Yi et al. (2011) and Legras et al. (2012) reported increased depth of focus with spherical 
aberrations alone and with combinations of coma and spherical aberrations.  
Based on the above discussion the main difference between source and observer methods is that the 
first provides only phase information to the retinal images and the latter provides both phase and 
intensity information. Therefore, the research question addressed will be “Is there any difference in blur 
adaptation to defocus on visual acuity using source and observer methods?” 
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Chapter 3 
Methodology and Instrumentation 
3.1 Adaptive optics set up   
An adaptive optics (AO) system developed by Dr. Marwan Suheimat in the Ophthalmic & Visual Optics 
Laboratory at QUT was used for this study. Figure 23 shows schematics of the AO set up. The AO 
system is mounted on an optical table and is composed of three channels: the illumination channel (red 
line in the figure), the AO control channel consisting of the deformable mirror (yellow beam) and the 
Shack-Hartmann wavefront sensor (red beam) and the psychophysical channel (green beam) with a 
green OLED minidisplay. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 23: Schematics of the Adaptive Optics set up. LD: Laser diode, OLED: organic light emitting 
diode, DM: deformable mirror, SH: Shack-Hartmann wavefront sensor, P: Pupil plane in the eye, 
R: Retinal plane in the eye, P’ & R’ are pupil and retinal conjugate planes, respectively, BS: Beam 
Splitter, M: plane mirror, L1-5: telescopic lenses.  
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3.1.1 The illumination channel 
The illumination comes from a Thorlabs laser diode source 
emitting at 637 nm and coupled to an optical fibre (Figure 
24). The beam was collimated with an aspheric lens to have 
a diameter of 0.38 mm and entered the eye to focus on the 
retina. To avoid the corneal reflection, the laser beam is 
slightly displaced from the centre at the pupil plane of the 
eye. The source delivered 30 µW power at the corneal plane 
of the eye. According to the Australian Laser Safety 
standards, the maximum permissible exposure of the 637 
nm laser is 390 µW (ICNIRP 2013). The power level of the laser beam used in this study was thus much 
lower than the maximum permissible exposure limit. 
 
3.1.2 The Adaptive Optics control channel 
The AO system consists of an electromagnetic deformable mirror and a Hartmann-Shack wavefront 
sensor. The beam from the laser diode source is reflected from the retina, through the deformable mirror 
and is focused on the CCD camera of the Hartmann-Shack wavefront sensor.  
The deformable mirror 
An electromagnetic deformable mirror - Mirao 52D (Imagine Optic, France) (Figure 25) with a large-
stroke (i.e. large actuator displacement) of 50 µm and with 52 actuators was used in this study. The 
mirror has a magnetic field located between the actuators and 
the coil. The magnetic field controls the movement of the 
actuators to alter the shape of the deformable mirror. The 
diameter is 15 mm. The deformable mirror was placed at 22.5º 
angle of incidence (DM in Figure 22) with the laser beam, 
which helped to use most of the mirror area. The beam at the 
DM was elliptical with 13 and 12 mm for its major and minor 
axes, respectively. A mirror (M2 in Figure 22) was added to 
restore the circular shape of the beam. The deformable mirror 
was conjugated to the pupil by telescopic lenses with focal 
lengths of 150 mm and 300 mm in order to achieve 2X 
magnification from eye to mirror.  Figure 25: Mirao 52D deformable mirror. 
Figure 24: Laser diode source. 
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The Hartmann-Shack wavefront sensor 
A HASO 32 (Imagine Optic, France) Hartmann-
Shack wavefront sensor was used (Figure 26). It 
has a CCD camera at the focal point of a matrix 
of 1280 (32 × 40) lenslets. This wavefront sensor 
is compatible with the wavelength range of 400-
1100 nm. The diameter of the wavefront sensor 
was 3.60 mm. The wavefront sensor was 
conjugated to the pupil by telescopic lenses with 
focal lengths of 200 mm and 50 mm in order to 
achieve 1/4X magnification, achieving a 3-mm 
circular beam at the wavefront sensor.  
 
 
 
3.1.3 The psychophysical channel 
The psychophysical channel consists of a 12 × 9 mm green 
OLED (organic light emitting diode) microdisplay (SVGA+ 
colour microdisplay assembly with glass faceplate), placed at the 
focal point of a 1000 mm focal length lens. The OLED 
minidisplay has been used to display natural scenes as adaptation 
targets and a letter ‘E’ for visual acuity measurement during the 
experiment. The OLED has 800 × 600 pixels SVGA+ resolution 
and a pixel size of 15 µm. Figure 27 shows the visual stimulus 
(tumbling E) displayed on the OLED.  
 
 
 
Figure 27: Visual stimulus 
(tumbling E) displayed on the 
OLED. 
Figure 26: HASO 32 (Imagine Optic, France) 
Hartmann-Shack wavefront sensor. 
40 
 
Methodology and Instrumentation   
 
 
Letter size calculation in OLED 
Different ‘E’ letter sizes in the OLED have been calculated from the following equation 
E letter size on OLED = E letter size on retina × total magnification of the AO system  
The letter sizes have been calculated based on 16.67 mm paraxial emmetropic model eye (+ 60D). For 
example, the calculation of a 0.0 log MAR or 6/6 ‘E’ letter size on OLED is shown here. 
A 0.0 log MAR E letter subtends 5 minutes of arc visual angle on the retina. 
Consider the letter size in the retina is h 
If tan 1° = h/6.67 mm 
                h = tan 1º × 16.67 mm 
                   = (0.01745506 × 16.67) mm 
                   = (0.01745506 × 16.67 × 1000) µm (as 1 mm = 1000 µm) 
                   = 290.97 µm    ~ 291 µm  
Here I have rounded 291 µm to 300 µm.  
For tan 5´, h = 5/60 x 300 µm = 25 µm and E letter (0.0 log MAR) size on the retina = 25 µm 
Total magnification of the AO system = (150/16.67 × 1000/300) = 30 
E letter size (0.0 log MAR) on OLED = 25 x 30 = 750 µm 
Each pixel size on the OLED is 15 µm 
For log MAR 0.0 letter E has 750/15 = 50 pixels 
Table 2 shows the different ‘E’ letter sizes on the OLED with corresponding number of pixels. 
                     
  
  
 
 
 
 
 
  
log MAR letter Letter size on the OLED (µm) Pixels 
−0.1 600 40 
0.0 750 50 
0.1 937 63 
0.2 1125 75 
0.3 1500 100 
0.4 1875 125 
0.5 2250 150 
0.6 3000 200 
0.7 3750 250 
0.8 4500 300 
 
Table 2: Different ‘E’ letter sizes on the OLED with corresponding number of pixels.  
 
41 
 
Methodology and Instrumentation   
 
 
3.1.4 System calibration 
The AO system was calibrated though the following steps: 
1. A plane wavefront was presented to the AO system. 
2. Measurement of individual influence functions of all actuators of the deformable mirror. The 
influence functions of all actuators construct an interaction matrix. 
3. Calculate the command matrix from interaction matrix. Command matrix is used to calculate 
the voltage that should be applied to each actuator either to correct the wavefront aberration or 
to generate a new pattern of wavefront aberration. 
The wavefront aberration correction was performed up to 10 iterations and the experiment was 
performed in an open loop condition, rather than in closed loop. The system aberration was not corrected 
if participant’s aberrations were uncorrected. An argument for the use of open loop correction with a 
number of iterations, rather than a closed loop correction is given here. Closed loop means continuous 
varying of the deformable mirror shape to achieve best correction at any given time. The problem with 
this is that the deformable mirror would be changing shape during the time the eye is adapting, and 
therefore the eye does not have a consistent aberration to be adapting to during the whole time. In 
addition, due to blinks and movements, the mirror could produce the wrong correction for several 
iterations, therefore destroying the whole adaptation process. Since no adaptive optics system can be 
guaranteed to be correcting all aberrations in every single iteration, it is more consistent to operate under 
open loop correction. A single iteration of correction can correct 40-80% of aberrations (depending on 
settings). Attempting to correct 100% in one iteration can potentially overshoot. If, say, it was set to 
50%, the second iteration would correction 50% of residual aberrations, and so on. The more iterations, 
the closer to best correction. 10 iterations were chosen as no advantage was achieved by correcting 
longer; i.e. the system already converged to the best correction for that eye. 
 
3.2 Generation of stimuli  
A natural scene with low to high spatial frequency content was used as an adaptation target. The natural 
scene was chosen from Google images. The original natural scene was converted into grayscale to create 
the adaptation target Tumbling ‘E’ with different orientations (up, down, right and left) and suitable 
sizes were used as testing targets to measure the visual acuity. The coloured natural scene was converted 
into a grayscale image, because a monochromatic OLED was used to eliminate chromatic effects since 
testing was for adaptation to blur provided by monochromatic aberrations. To generate blur images, 
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defocus with different magnitudes was introduced by both source and observer methods by combining 
defocus levels both with and without correcting natural higher order aberrations.  
For the source method, the aberrated images were produced using a convolution algorithm on the 
computer. At first, the intended defocus was translated into a phase map using Zernike co-efficient and 
the point spread function was calculated for the defocus level using Fourier optics techniques 
programmed in MATLAB. The point spread function was convolved with unaberrated image stimuli to 
produce the aberrated image. The image does not have any phase information.  
Adapting images of a natural scene generated for +2 D defocus (left) and 0 D (right) for a 6mm pupil 
(Figure 28). Testing images were similar generated for each of the different letter sizes and four 
orientations. Figure 29 shows testing images with + 2 D defocus (left) and 0 D defocus (right) for letter 
size of 0.4 logMAR with source method.  
Figure 28: Adapting images with + 2 D defocus (left) and 0 D (right) with source method. 
+ 2 D 0 D 
Figure 29: Testing images in different orientations with + 2 D defocus (left) 
and 0 D defocus (right) for letter size of 0.4 logMAR with source method. 
+ 2 D 0 D 
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For the observer method, the in-focus, unaberrated images of the adapting and testing targets were 
shown on the OLED, and the required defocus was introduced by reshaping the deformable mirror with 
and without correcting the participant’s natural HOAs. In observer method, the retinal image has both 
phase and intensity information. 
3.3 Pilot Experiment 
 
3.3.1 Aim  
A pilot experiment was performed to estimate letter sizes needed in the main experiment for different 
defocus levels.  
3.3.2 Procedure 
Through focus visual acuity was determined with +2.00 D to −2.00 D defocus levels (in 1.00 D steps) 
in the right eye of five participants with refractions of +0.50D to −3.50D, after 45 minutes following 
installation of 1% cyclopentolate eye drops. A preliminary examination (visual acuity, objective and 
subjective refraction) was performed before starting the pilot experiment. All five participants had best 
corrected visual acuity 0.0 log MAR. The visual acuity was measured with participants’ cycloplegic 
subjective refraction with a 5.5 mm artificial pupil. Defocus levels were introduced with full aperture 
trial lenses in the trial frame.    
Visual acuity was measured using a widely used computerised program – the Freiburg Vision Test 
(‘FrACT’) (Bach 1996). FrACT is free downloadable software for testing visual acuity, contrast 
sensitivity, vernier acuity, face acuity and grating acuity (http://michaelbach.de/fract). There are 
different types of optotypes – Landolt C, tumbling E, and Sloan letters available for testing visual acuity. 
I have used the tumbling E chart with log MAR scale to record visual acuity at 6 meter distance for this 
study. The task is to identify the orientation (up, down, right and left) of the letter ‘E’. FrACT (version 
3.8.2) program is installed in a computer to measure the visual acuity. The computer screen resolution 
was adjusted according to the FrACT user manual (http://michaelbach.de/fract) 
FrACT uses an adaptive psychophysical procedure – “Best PEST (parameter estimation by sequential 
testing)” (Lieberman and Pentland 1982) to estimate visual acuity. The Best PEST procedure estimates 
the most likely position of the threshold at each trial based on previous responses and presents the 
optotypes with different sizes. There were 24 trials (presentations) for each defocus level to estimate 
the visual acuity and the measurement was repeated for three times for each defocus level in a pseudo-
randomized manner. 
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3.3.3 Results 
Figure 30 shows the mean results of visual acuity and the standard deviations with different defocus 
levels for the five participants. The mean ± SD of visual acuities were 0.53 ± 0.05 logMAR, 0.27 ± 0.07 
logMAR, −0.1 ± 0.01 logMAR, 0.21 ± 0.02 logMAR and 0.42 ± 0.02 logMAR for +2 D, +1 D, 0 D, −1 
D and −2 D respectively. There were 0.63 logMAR, 0.37 logMAR, 0.31 logMAR and 0.43 logMAR 
visual acuity losses for +2 D, +1 D, −1 D and −2 D defocus respectively. Visual acuity loss was greater 
with positive defocus than with negative defocus. Maximum loss was 0.63 logMAR for +2 D defocus.  
 
 
           
 
 
 
 
 
 
 
 
 
The pilot study result gives an idea about visual acuity with different magnitude of defocus, but the 
result cannot be considered as a direct reference for the main experiment (Chapter 4) due to different 
setups. Therefore, these results were used as a rough estimation for deciding the letter sizes of testing 
images (tumbling E’s) for the main experiment.  
 
Figure 30: Mean visual acuity and its standard deviations as a function of defocus. 
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Chapter 4 
Main Experiment 
 
4.1 Objective  
To compare the blur adaptation with source and observer methods for combinations of defocus and 
higher order aberrations.  
4.2 Hypotheses 
1. Blur adaptation is better with the observer method than source method. The basis for this is that 
retinal images formed with observer method have both phase and intensity information, while 
retinal images with source method have only intensity information. 
2. The difference of blur adaptation between two methods is greater in presence than in absence 
of higher order aberrations. The basis for this is that the presence of higher order aberrations 
with defocus gives phase information. 
3. Blur adaptation is poorer in the observer method when testing conditions have opposite blurs 
as the adaptation conditions than when testing and adaptation conditions have same blur. The 
basis for this is that opposite phase information in the adapting and testing conditions will make 
vision worse than with similar phase information. 
4.3 Participants 
This study was approved by QUT ethics committee (QUT Ethics Approval Number 1600000369) and 
all protocols met the tenets of the Declaration of Helsinki. Signed informed consent form was obtained 
from all participants. Five participants, aged between 27 to 62 years with good general and ocular health 
were participated in this experiment. The number of participants was restricted to five due to multiple 
sessions of a prolonged psychophysical task. All participants had refraction between +0.50 DS to –4.00 
DS with ≤ 0.50 DC cylinders and their best corrected visual acuities were 0.0 logMAR. Table 3 shows 
the age and refraction of the right eye of each participant. 
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4.4 Experiment Procedure 
The dependency of blur adaptation was tested on the following experimental conditions: 
1. Blur adaptation was tested across the images with different ranges of spatial frequencies. The 
adaptation image of a natural scene had a range of low to high spatial frequencies. Testing images of 
tumbling Es had high spatial frequency information at the edges and low to medium spatial frequency 
information in the other parts. The tumbling Es are formed with a square wave which is the summation 
of sine waves with different harmonics.   
2. The experiment was performed with an in-focus adapting image and testing images at particular blur 
levels. The experiment was also performed with same blur level between adapting and testing 
conditions and as well as opposite blur level between adapting and testing conditions in observer 
method. 
The experiment apparatus and procedure of generating experiment stimuli were discussed in sections 
3.1 and 3.2. 
4.4.1 Experiment Protocol 
Visual acuity, objective refraction and subjective refraction were measured for all participants with 
routine clinical procedure. To paralyse participants’ accommodation, 1% cyclopentolate eye drops were 
used in the right eyes of four participants respectively 45 minutes before experiment. 1% tropicamide 
eye drops were used for one participant of 62 years age. Pupil sizes ranged from 6.0 to 7.2 mm. 
Participants placed their chins on a chin rest in front of the AO system and the investigator adjusted 
their alignment to the AO system. Participants were asked to determine their subjective best focus by 
controlling the deformable mirror with a video game controller, while looked at letters in the centre row 
of a tumbling E chart on the OLED. Natural HOAs were measured and either corrected or not corrected 
depending on the experiment condition (Table 4). The participants were asked to determine their 
subjective best focus by adjusting the deformable mirror using video game controller in AO-corrected 
Participant Age (years) Refraction 
S1 29 +0.25 Ds 
S2 27 −3.75 Ds 
S3 40 +0.50 Ds/−0.25 Dc × 115° 
S4 34 −1.25 Ds/−0.50 Dc × 80° 
S5 62 −2.25 Ds/−0.50 Dc × 105° 
 
Table 3: Age and refraction of the right eye of each participant. 
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condition. The state of the deformable mirror was saved and applied in the experiment where the 
condition requires HOAs correction. The participants were asked to perform a psychophysical 
procedure (discussed in 4.4.2) to obtain visual acuity. Figure 31 shows the experiment set up. 
 
 
 
 
 
 
 
 
 
There were three to four experimental sessions for each participant and there was one week interval 
between each experiment session. Each experimental session lasted a maximum of four hours and every 
two hours cyclopentolate eye drops were repeated to maintain paralysis of accommodation. Table 4 
lists the experiment conditions containing different combinations of blur levels for adapting and testing 
images. Each experiment condition took approximately 15 minutes to complete with 5 to 10 minutes 
intervals (wash-out intervals) between conditions. In this study, +2 D blur and −2 D blur referred to 
myopic and hyperopic defocus, respectively. 
For source and observer method, the defocus was introduced in microns. The defocus was converted 
from dioptre to microns for a 6mm pupil using the following formula by Thibos et al. (2002).  
ܯ = 4√3×ܥሺ2,0ሻ/ ݎଶ  
where M, C (2, 0) and r are the dioptric form of defocus, Zernike coefficient for defocus and radius of pupil, 
respectively. When r = 3mm and M = 2 D 
M = 2 = 4 × 1.732 × C (2, 0) / 32  
C (2, 0) = [2 × 9 / (4 × 1.732)] µm = [18 / 6.928] µm = 2.598 µm ~ +2.60 µm 
For −2 D defocus, the micron conversion is −2.60 µm   
OLED 
LD 
SH 
DM 
Participant’s view on 
OLED through the 
AO system 
Figure 31: Experiment set up. DM: Deformable mirror, SH: Shack-Hartmann wavefront sensor, 
LD: Laser diode source and OLED: Organic light emitting diode. 
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Sixteen different combinations of blur levels were used. Four and 12 of the combinations were used 
with the source and observer method, respectively. The blur levels of adapting and testing images with 
same magnitude and opposite sign of defocus were not tested in source method as intensity maps of +2 
D and −2 D defocus are identical. The adaptation and testing conditions with 0D with and without 
HOAs have been considered as the baseline measurements in both source and observer methods. The 
adapting and testing conditions with 0D with and without HOAs were not tested separately in source 
method and in observer method as these conditions are identical. Ideally, the experiment conditions 
(with and without HOAs, observer/source blur method, defocus with opposite sign) would be 
randomised to eliminate bias, but practical limitations dictated the conditions be run following a certain 
pattern, especially that certain conditions (e.g. source and observer method of blur generation, defocus 
with opposite sign) required a functional change in the optical system. 
  
Blur levels of adapting 
target 
Generation of blurred target Blur levels of testing 
letters 
+2 D with HOAs Convolution at screen – Source method +2 D with HOAs 
+2 D no HOAs Convolution at screen – Source method +2 D no HOAs 
0 D with HOAs Convolution at screen – Source method +2 D with HOAs 
0 D no HOAs Convolution at screen – Source method +2 D no HOAs 
+2 D with HOAs Reshaping DM – Observer method +2 D with HOAs 
−2 D with HOAs 
+2 D no HOAs Reshaping DM – Observer method +2 D no HOAs 
−2 D no HOAs 
0 D with HOAs Reshaping DM – Observer method +2 D with HOAs 
−2 D with HOAs 
0 D no HOAs Reshaping DM – Observer method +2 D no HOAs 
−2 D no HOAs 
−2 D with HOAs Reshaping DM – Observer method −2 D with HOAs 
+2 D with HOAs 
−2 D no HOAs Reshaping DM – Observer method −2 D no HOAs 
+2 D no HOAs 
0 D with HOAs Baseline condition 0 D with HOAs 
0 D no HOAs Baseline condition 0 D no HOAs 
Table 4: Experiment conditions containing different combinations of blur levels for adapting 
and testing images.  HOAs – higher order aberrations, DM – deformable mirror. 
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4.4.2 Psychophysical paradigm 
A psychophysical paradigm was designed to measure visual acuity. The psychophysical paradigm 
consisted of a four-alternative forced choice procedure and the stimulus levels were based on method 
of constant stimuli. Based on the review of applications of psychophysical procedure in blur adaptation 
(Section 2.5), an adaptive psychophysical procedure such as QUEST should be ideal for the presentation 
of stimuli during the psychophysical task. I tried to use QUEST, but there was an issue for the stimuli 
presentation in the source method. The required blur level for the testing images was not changing and 
I was unable solve the issue within the allowed time for the study. Thus, the experiment was performed 
with method of constant stimuli. The psychophysical task was controlled by a custom written program 
in MATLAB. Figure 32 shows MATLAB screenshot of the psychophysical program window. 
 
 
  
  
 
 
 
 
 
 
 
 
 
 
The psychophysical task was started with adaptation to a natural scene with a particular blur level for 1 
minute. Following this, testing images were presented for 1 second. In each experiment condition, 
tumbling ‘E’ letters were presented in eight sizes in 0.05 steps and each step was repeated five times 
for four orientations (right, left, up, and down), giving 160 tumbling E’s. The adapting image was 
reshown for 3 seconds after presentation of each tumbling ‘E’ letter to prevent the decay of blur 
adaptation. Participants were asked to enter the orientation of the Es using a video game controller. The 
selections of the duration of adapting and testing images presentation time and step size of the testing 
Figure 32: MATLAB screenshot of the psychophysical program window 
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stimuli in the psychophysical paradigm were based on the HOAs blur adaptation study by Sawides et 
al. (2011a). 
Participants were asked to report to the investigator if they found the orientation of the first 25 tumbling 
E’s were too easy or too difficult to identify for any experiment condition, in which case the experiment 
condition was repeated with a new range of tumbling Es. In a four alternate forced choice procedure 
results can be correct by chance 25% of times and so the threshold is taken as 62.5% (Kingdom and 
Prins 2010) correct orientation identification according to a fitting algorithm. This psychophysical task 
was performed for each experiment condition and the visual acuity and standard deviation were 
recorded. In case visual acuity was very close to one of the pre-set boundary of the tumbling E letter 
range, there would be a risk of the psychophysical task over- or under-estimating the visual acuity. In 
such circumstances, the experiment condition was repeated by changing the pre-set boundary of the 
range of tumbling E and the inaccurate result was discarded. 
 
4.4.3 Measurement with COAS HD aberrometer 
The AO system estimates participants’ HOAs and system aberrations together in                                                                                                                             
each iteration. To report participant HOAs, the COAS HD (Complete Ophthalmic Analysis System – 
High Definition, Wavefront Sciences) aberrometer was used. It has a lenslet matrix of 44 X 33 and uses 
super luminescent diode light source of 850 nm. The HOAs were measured for 6mm pupil three times 
in each participant 45 minutes after instillation of cycloplegic eye drops. The averaged values of each 
higher order Zernike co-efficient (3rd to 6th order) were combined to report each participant’s root mean 
square (RMS) of HOAs. 
 
4.5 Data analysis 
Mean ± SD of RMS of HOAs of all participants was calculated. Blur adaptation (visual acuity changes) 
with source and observer methods and the comparison of blur adaptation between source and observer 
methods were reported. Mean ± SEM for all visual acuity changes were calculated. Paired sample t-
tests were performed with SPSS software to compare mean visual acuities from different 
adapting/testing blur levels in source and observer methods. 
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4.6 Results 
 
4.6.1 Participants’ aberrations 
Figure 33 shows the RMS higher-order aberrations of each participant. The mean ± SD of RMS of 
higher-order aberrations for the participants was 0.33 ± 0.12 µm, which is a typical level for a 6 mm 
pupil. Previously Carkeet et al. (2003) reported the mean ± SD of natural higher order aberrations of 
0.44 ± 0.14 µm and 0.39 ± 0.11 µm for 31 participants with cycloplegic and non-cycloplegic dilation, 
respectively. The residual higher order aberrations after AO correction were not reported here as higher 
order aberrations were not corrected in real time for this study. It was corrected up to a certain number 
of iterations and the experiment was performed in an open loop condition. 
 
 
 
 
 
 
 
 
 
4.6.2 Adaptation with source method 
Figure 34 shows the mean ± SEM of visual acuities (logMAR) of the two different comparisons of 
adapting/testing blur levels in the source method. Visual acuity with the adapting/ testing blur levels of 
0 D with HOAs/+2 D with HOAs was 0.40 ± 0.05 logMAR and for +2 D with HOAs /+2 D with HOAs 
was 0.43 ± 0.05 logMAR, giving non-significant worsening of 0.03 ± 0.01 logMAR (p = 0.16) with 
blur adaptation. Visual acuity with the adapting/testing blur levels of 0 D no HOAs/+2 D no HOAs was 
0.42 ± 0.08 logMAR and for +2 D no HOAs/+2 D no HOAs was 0.39 ± 0.09 logMAR, giving a small 
but statistically significant improvement of 0.03 ± 0.01 logMAR (p = 0.03) with blur adaptation.  
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Figure 33: RMS higher order aberrations of each participant. 
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4.6.3 Adaptation with observer method 
Figures 35 and 36 show the mean ± SEM of visual acuities (logMAR) of the eight different comparisons 
of adapting/testing blur levels. These show the same data, but for the sake of clarity show different 
comparisons. Figure 35 shows the mean ± SEM of visual acuities (logMAR) for the four different 
comparisons of adapting/testing levels in which the adapting defocus was zero or the same as the testing 
level. Visual acuity with the adapting/testing blur levels of 0 D with HOAs/+2 D with HOAs was 0.16 
± 0.09 logMAR and for +2 D with HOAs/ +2 D with HOAs was 0.21 ± 0.10 logMAR, giving a non-
significant difference of 0.05 ± 0.03 logMAR (p = 0.15) with blur adaptation. Visual acuity with the 
adapting/testing blur levels of 0 D no HOAs/+2 D no HOAs was 0.16 ± 0.12 logMAR and for +2 D no 
HOAs/ +2 D no HOAs was 0.15 ± 0.13 logMAR, giving a non-significant difference of 0.01 ± 0.02 
logMAR (p = 0.77) with blur adaptation. Visual acuity with the adapting/testing blur levels of 0 D with 
HOAs/−2 D with HOAs was 0.20 ± 0.12 logMAR and for −2 D with HOAs/−2 D with HOAs was 0.14 
± 0.10 logMAR, giving a non-significant difference of 0.06 ± 0.03 logMAR (p = 0.11) with blur 
adaptation. Visual acuity with the adapting/testing blur levels of 0 D no HOAs/−2 D no HOAs was 0.22 
± 0.08 logMAR and for −2 D no HOAs/−2 D no HOAs was 0.24 ± 0.10 logMAR, giving a non-
significant difference of 0.02 ± 0.03 logMAR (p = 0.51) with blur adaptation. 
Figure 34: Mean visual acuities and its standard error in two different comparisons of 
adapting/testing blur levels in source method. Orange arrows and green arrows indicate visual 
acuity improvement and worsening, respectively. 
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Figure 36 shows the mean ± SEM of visual acuities (logMAR) for the four different comparisons of 
adapting/testing levels in which the adapting defocus were the opposite or the same as the testing levels. 
Visual acuity for −2 D with HOAs/+2 D with HOAs was 0.15 ± 0.11 logMAR and for +2 D with 
HOAs/+2 D with HOAs was 0.21 ± 0.10 logMAR, giving a non-significant difference of 0.06 ± 0.02 
logMAR (p=0.07). Visual acuity for −2 D no HOAs/+2 D no HOAs was 0.17 ± 0.12 logMAR and for 
+2 D no HOAs/+2 D no HOAs was 0.15 ± 0.13 logMAR, giving a non-significant difference of 0.02 ± 
0.02 logMAR (p=0.34). Visual acuity for +2 D with HOAs/−2 D with HOAs was 0.18 ± 0.11 logMAR 
and for −2 D with HOAs/−2 D with HOAs was 0.14 ± 0.10 logMAR, giving non-significant difference 
of 0.04 ± 0.02 logMAR (p = 0.11). Visual acuity for +2 D no HOAs/−2 D no HOAs was 0.25 ± 0.11 
logMAR and for −2 D no HOAs/−2 D no HOAs was 0.24 ± 0.10 logMAR, giving non-significant 
difference of 0.01 ± 0.04 logMAR (p=0.74).  
  
Figure 35: Mean visual acuities and its standard error in four different comparisons of 
adapting/testing blur levels. Comparisons are shown for the combinations of adapting/testing levels in 
which the adapting defocus was zero and the same as the testing levels. Orange arrows and green 
arrows indicate visual acuity improvement and worsening, respectively. ns (non-significant) 
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4.6.4 Comparison of blur adaptation between source and observer 
methods 
Figure 37 compares the blur adaptation between source and observer methods. There was no visual 
acuity improvement between the comparisons of adapting/testing blur levels of 0 D with HOAs/+2 D 
with HOAs and +2 D with HOAs/+2 D with HOAs for both source and observer methods. The only 
significant improvement of 0.03 ± 0.01 logMAR visual acuity occurred for the source method between 
the combinations of adapting/testing levels of 0 D no HOAs/+2 D no HOAs and +2 D no HOAs/+2 D 
no HOAs. A non-significant 0.01 ± 0.02 logMAR visual acuity difference was noticed between the 
combinations of same adapting/testing blur levels in observer method. The visual acuity difference for 
the combinations of adapting/testing level of 0 D no HOAs/+2 D no HOAs and +2 D no HOAs/+2 D 
no HOAs was compared between source and observer method. The comparison was not significant at 
0.02 ± 0.02 logMAR (p = 0.38) between source and observer methods. 
  
Figure 36: Mean visual acuities and its standard error in four different comparisons of 
adapting/testing blur levels. Comparisons are shown for the combinations of adapting/testing 
levels in which the adapting defocus was the opposite and the same as the testing levels. Orange 
arrows and green arrows indicate visual acuity improvement and worsening, respectively. ns 
(non-significant) 
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The visual acuities were better with observer method than with source method in all the different 
combinations of blur levels. The mean ± SEM of visual acuity differences between source and observer 
methods were 0.24 ± 0.05 logMAR (p = 0.01), 0.22 ± 0.05 logMAR (p = 0.01), 0.26 ± 0.04 logMAR 
(p = 0.01) and 0.24 ± 0.05 logMAR (p = 0.01) for the adapting/testing blur combinations of 0 D with 
HOAs/+2 D with HOAs, +2 D with HOAs/+2 D with HOAs, 0 D no HOAs/+2 D no HOAs, +2 D no 
HOAs/+2 D no HOAs, respectively. 
 
4.7 Discussion 
Earlier studies showed HOAs blur adaptation to the blurred images produced after manipulation of 
natural HOAs with the source method (Sawides et al. 2011a, Sawides et al. 2011b, Sawides et al. 2012). 
These studies explored only the perceptual changes to blurred images and not the changes in visual 
functions, following blur adaptation. The present study compared the blur adaptation with investigating 
the changes in the visual acuity after adapting to different combinations of defocus with or without 
HOAs with source and observer methods. With the source method, blur adaption difference between 
one out of two comparisons of adapting/testing blur levels was small but statistically significant and the 
other comparison did not show any blur adaptation difference. With the observer method, blur 
Figure 37: Comparison of blur adaptation between source and observer methods. Green and orange 
arrows indicate visual acuity improvement in source and observer methods, respectively. 
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adaptation was not significant in any of the eight comparisons of adapting/testing blur levels. The 
difference of blur adaptation between source and observer method was not significant. This does not 
support the first hypothesis that blur adaptation will be greater with the observer method than with the 
source method. Ohlendorf et al. (2011b) reported astigmatism blur adaptation, where visual acuity was 
improved with both source and observer methods, but the difference of visual acuity improvement was 
not significant between source and observer methods. Ohlendorf et al. found significant improvement 
of visual acuity with source and observer methods with an adaptation period of 10 minutes. The present 
study did not show any significant visual acuity improvement with source and observer methods.  
One possible reason for the lack of adaptation is the short adapting period of 1 minute, although the 
adapting image was reshown after each testing image presentation to prevent the decay of blur 
adaptation. Several studies reported HOAs and astigmatism blur adaptation with 1-2 minutes adapting 
period (Sawides et al. 2010, Sawides et al. 2011a, Sawides et al. 2011b, Sawides et al. 2012) and Vinas 
et al. (2012) even reported astigmatism blur adaptation with 5 seconds of adapting period. These studies 
had 1-5 seconds of re-adapting period after each testing image presentation. None of these studies 
evaluated visual acuity as an outcome after blur adaptation. Previous studies on visual acuity adaptation 
to spherical blur (+1.00 to +3.00 D) used an adapting period of  30 minutes to 3 hours and the range of 
visual acuity improvement was 0.13 ± 0.03 logMAR to 0.27 ± 0.20 logMAR in myopes and 0.09 ± 0.07 
logMAR to 0.13 ± 0.19 logMAR in emmetropes (Mon-Williams et al. 1998, George and Rosenfield 
2004, Rosenfield et al. 2004, Poulere et al. 2013).  
A second possible reason for the lack of adaptation is the different spatial frequency components of 
adapting and testing images. The range of spatial frequency components are very critical for identifying 
any objects as the human visual system is adapted to those spatial frequencies to perceive the image 
(Parish and Sperling 1991). In our study, the adapting image (natural scene) had a range of low to high 
spatial frequencies. The testing images of tumbling Es have high spatial frequency information in the 
edges and low to medium spatial frequencies in the other parts. This variation of spatial frequencies 
between adapting and testing images might have an impact on the results. Using tumbling Es as both 
adapting and testing images might show better adaptation. Sawides et al.(2010) and Sawides et 
al.(2011a) showed blur adaptation to astigmatism and HOAs with different adapting/testing (for 
example two different human faces or noise/human face) images. However, perceptual changes to the 
blurred images were evaluated in these two studies, not change in visual function. 
The second hypothesis, that there would be larger difference of blur adaptation between the source and 
observer methods in the presence than in the absence of HOAs, was not supported by the results, as the 
corresponding blur combinations with HOAs between source and observer methods did not show any 
blur adaptation.  
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The third hypothesis, that blur adaptation would be poorer with opposite adapting/testing blur levels 
than with same adapting/testing blur levels in the observer method was not supported by the results, as 
adaptation did not occur for either combination. 
Statistical analysis showed multiple non-significant differences between the experiment conditions in 
both source and observer methods. Mean differences between the experiment conditions required to 
show significances, and, alternatively, the required sample sizes required to show significances for 
given mean differences, were calculated using G*power software using power of 0.8 and alpha of 0.05. 
Results are shown in Table 5.  
 
 
 
 
 
 
 
 
According to effect sizes from Table 5, the recommended sample sizes of ≥ 162 are not practical for 
this study because of the long duration required for each participant.  
The visual acuities were always better in observer method than with source method for the four 
comparable blur combinations. The range of visual acuity was 0.22 to 0.26 logMAR better with 
observer method than with source method across the four blur combinations. Ohlendorf et al. (2011b) 
reported 0.15 to 0.20 logMAR better visual acuity in observer method than with source method. The 
likely reason is that the retinal image has both phase and intensity information in observer method, 
while source method had only intensity information. Thus, it is feasible for the human eye to receive 
more visual cues in observer method than with source method. However, this explanation is not 
supportive for the pilot study result, where the mean visual acuity loss was 0.53 logMAR for +2 D 
defocus with the observer method. The visual acuities with defocus from the pilot and main experiment 
were not directly comparable due to different experiment set ups. Defocus was introduced by trial lenses 
and reshaping the deformable mirror in the pilot and main experiment, respectively. In terms of more 
visual acuity loss in the pilot study, there are two other possible reasons apart from the effect of defocus 
Experiment 
condition 
Group 1 Group 2 Effect size 
(logMAR) 
Sample size 
Source method 0D/+2D with HOA +2D/+2D with HOA 0.26 162 
Source method 0D/+2D no HOA +2D/+2D no HOA 0.16 414 
Observer method 0D/+2D with HOA +2D/+2D with HOA 0.22 212 
Observer method 0D/+2D no HOA +2D/+2D no HOA 0.04 7924 
Observer method 0D/−2D with HOA −2D/−2D with HOA 0.24 179 
Observer method 0D/−2D no HOA −2D/−2D no HOA 0.10 1049 
Observer method +2D/+2D with HOA −2D/+2D with HOA 0.24 176 
Observer method +2D/+2D no HOA −2D/+2D no HOA 0.07 2123 
Observer method −2D/−2D with HOA +2D/−2D with HOA 0.16 380 
Observer method −2D/−2D no HOA +2D/−2D no HOA 0.05 5554 
 
Table 5: Effect sizes of mean difference between the experiment conditions and required sample size. 
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and cycloplegia. Firstly, chromatic aberrations were present as the visual acuity measured with black 
letters on white background. However, it does not explain the better visual acuity with corrected vision 
for 0 D defocus. Secondly, trial lenses may introduce additional aberrations, but these should be small 
for the powers used. 
It is already clear that the assessment of blur adaptation with perceived isotropic point (Sawides et al. 
2010) or with subjective best focus (Sawides et al. 2011a) differs from the assessment of blur adaptation 
with identifying the orientation of the letters. As the nature of tasks are different so there might be some 
difference in visual processing. The task of reporting when an image (natural scene or human face) is 
clear (Sawides et al. 2011a) is more qualitative than reporting the orientations of tumbling Es. It is 
possible to perceive the orientation of a blurred tumbling E using different visual cues. The participants 
in the present study underwent multiple sessions of same psychophysical task and they might have 
guessed or used visual cues to identify the orientations of tumbling Es. Therefore, I think that the use 
of tumbling E with different orientations might be less sensitive method for the assessment of blur 
adaptation than using a natural scene or human face. 
 
4.8 Limitations 
This study had only 5 participants and the visual acuities in different blur combinations were highly 
varied among all participants in both source and observer methods even after repetition of few sessions. 
The range of postdilated pupil size was 6.0 to 7.2 mm for all participants in the main experiment and 
the pupil size was controlled by a 6.0 mm artificial pupil. Therefore, there would have been some 
vignetting for the participant with 6.0 mm pupil size, unless it is properly centered throughout the 
experiment. The four alternative forced choice procedure was performed for 12 to 15 minutes duration 
using method of constant stimuli for each of the 18 experiment conditions, which made participants 
tired after each experiment session. Each experiment condition had 160 tumbling Es presentations to 
measure the visual acuity. The long duration of psychophysical task and repetition of few experiment 
conditions were the reasons for limited number of participants. The duration of 1 minute adapting period 
was probably not sufficient for performing a visual acuity task for long duration. Out of 16 combinations 
of blur levels, there were only four comparable blur combinations between source and observer 
methods. This restricts the comparisons between these two methods. The experiment was performed 
with different adapting (natural scene) and testing (tumbling Es) images. The experiment could be 
performed with tumbling Es as both adapting and testing images.  
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4.9 Conclusions and further work 
The aim of the study was to compare the blur adaptation with source and observer methods for 
combinations of defocus and higher order aberrations. There was negligible, if any, blur adaptation 
noticed with both source and observer methods. Decay in blur adaptation cannot be the reason for this 
outcome as 3 seconds readapting period was provided after each testing image presentation in both 
source and observer methods. Probably a longer adapting period and using tumbling Es as both adapting 
and testing images may help to improve visual acuity following blur adaptation. Replacement of the 
method of constant stimuli with an adaptive psychophysical procedure would be useful to reduce 
measurement time. 
Based on the results and discussions, the following investigations can be conducted in the future – 
1. Comparison of blur adaptation with source and observer methods using the same adapting and 
testing images.  
2. Blur adaptation with source and observer methods using different durations of adapting and re-
adaptation time. 
3.  Blur adaptation with source and observer methods using astigmatism and HOAs blur 
individually rather than using in combinations.   
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